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SIMULATION  OF  DISCRIMINATION  ANALYSIS 


By 

Robert  Shumway 
Robert  Blandford 


Seismic  Data  Laboratory 


In  practical  applications  discrimination  analysis  is  applied 
by  deducing  a  discriminant  from  a  data  sample.  The  error  rate  on 
the  data  sample  is  often  taken  as  a  measure  of  the  quality  of  the 
discriminant.  However,  there  is  no  guarantee  that  the  error  rate 
on  new  test  data  will  be  the  same  as  on  the  sample  data.  There  are 
no  known  results  from  statistical  theory  bearing  on  this  question; 
therefore  the  only  way  to  discuss  the  question  is  by  simulation, 

A  method  has  boon  developed  to  generate  data  vectors  with  any 
desired  moan  and  covariance  structure.  Thus  a  discriminant  may  be 
designed  on  a  data  sample,  and  tested  on  test  data  drawn  from  the 
same  population,  in  this  report  we  consider  only  the  linear  Fisher 
discriminant  applied  to  populations  with  equal  covariance  matrices. 

Figure  la  shows  a  sot  of  actual  Ms-mj,  observations,  consisting 
of  38  explosions  and  46  earthquakes.  Note  that,  surprisingly,  the 
explosions  show  the  greater  scatter.  The  covariance  structure  of 
these  data  were  calculated,  and  the  new  data  with  the  same  covariance 
structures  were  generated.  Two  samples  are  shown  in  Figure  lb  and  Ic. 

Table  1  shows  the  results  of  designing  Mg-mj^  discriminant  lines 
on  varying  numbers  of  earthquakes  and  explosions.  We  see  that  the 
average  error  rates  on  new  test  data  are  somewhat  greater  than  on 
the  sample  data.  Wo  note  also,  however,  that  there  is  a  substantial 
probability  of  two-four  times  the  error  rate  on  the  new  test  data  as 
on  the  sample  data.  We  note  also  that  the  error  rate  is  somewhat 
larger  if  fewer  points  are  used  in  the  sample  set.  These  results  are 
as  would  be  expected  from  simple  intuitive  arguments. 

Table  IT  shows  the  result  if  normal  random  numbers  are  added 
as  a  third  discrimination  variable.  The  two-dimensional  discrimi¬ 
nation  ability  is  apparently  not  at  all  degraded. 

Table  III  shows  the  result  of  adding  in  the  third  dimension  a 
normal  random  distribution  with  different  means  for  the  earthquakes 
and  explosions.  We  see  again  that  the  error  rate  is  greater  if  there 
are  fewer  points  in  the  sample  set,  and  that,  for  the  10  earthqukes 
and  10  explosions  case,  the  error  rate  on  the  sample  is  much  less 
than  on  the  test  data. 

Table  IV  shows  analogous  results  for  the  7-dimensional  data  of 
Booker  and  Mitronovas.  Again  the  error  rate  is  greater  for  the  new 
data  and  for  the  cases  with  fewer  sample  points. 

Table  V  presents  a  further  breakdown  of  some  of  the  Booker- 
Mitronovas  results,  and  we  see  that  if  we  ask  for  the  90%  confidence 
level  for  the  error  rate  on  new  data,  given  a  sample  of  20  earthquakes 
and  20  explosions;  then  the  answer  must  be  35-40% 

The  main  object  of  this  exercise  is  to  illustrate  a  method  which 
can  be  used  to  analyze  the  stability  of  discriminants  which  are 
proposed  by  future  workers. 
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Discriminant 

Line 

CT 

Errors 

EQ 

(Sample) 

EXP 

Errors 

EQ 

(New  Data) 
EXP 

DSQ 

-13.5,10.8 

-14.7 

0-10 

0-10 

6-100 

10-100 

6.5 

-  9.3,  8.3 

-  5.3 

0-10 

1-10 

12-100 

5-100 

3.7 

-12.6,10.6 

-11.3 

1-10 

1-10 

4-100 

12-100 

5.1 

-  5.6,  4.6 

-  5.6 

0-10 

2-10 

2-100 

8-100 

2.3  . 

-12.1,10.1 

-11.3 

0-10 

1-10 

6-100 

18-100 

6.4 

-7.40,6.92 

-  4.8 

0-10 

1-10 

2-100 

17-100 

3.2 

-  6.5,  5.8 

-  4.4 

0-10 

3-10 

2-100 

12-100 

3.0 

-12.3,  8.7 

-19.2 

0-10 

0-10 

4-100 

26-100 

5.0 

-  8.9,  8.1 

-  6.1 

0-10 

1-10 

2-100 

13-100 

4.0 

-  7.4,  6.6 

-  5.4 

0-10 

1-10 

4-100 

18-100 

3.5 

.01 

.11 

.04 

.14 

4.3 

Plus  30  more 

.012 

.097 

.038 

.134 

-  9.3,  8.2 

- 

7.2 

0-20 

2-20 

2-100 

14-100 

4.1 

-  7.3,  6.3 

- 

6.1 

1-20 

4-20 

2-100 

9-100 

2.8 

-10.1,  9.0 

- 

7.3 

1-20 

3-20 

3-100 

10-100 

4.1 

20 

EQ 

-10.1,  9.1 

- 

7.1 

1-20 

2-20 

1-100 

7-100 

3.9 

20 

EXP 

-  6.9,  5.4 

- 

7.4 

1-20 

1-20 

19-100 

8-100 

3.0 

-  9.8,  8.5 

- 

7.7 

1-20 

2-20 

2-100 

6-100 

4.0 

-  6.3,  5.0 

- 

6.9 

0-20 

4-20 

11-100 

11-100 

2.7 

CO 

• 

CO 

• 

CO 

- 

8.7 

0-20 

2-20 

1-100 

14-100 

4.3 

-11.6,  9.4 

- 

12.6 

0-20 

1-20 

3-100 

20-100 

5.8 

-  5.9,  5.2 

- 

4.7 

1-20 

5-20 

1-100 

11-100 

2.7 

.03 

,13 

.04 

.11 

3.8 

Plus  30  more 

.022 

.11 

.032 

.112 

TABLE  1 .  Simulation  mjj-Mg  (  Parameters  derived  from 

30  EQ,  46  EXP).  Theoretical  error  rate  0.074. 
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Discriminant  Plane 

Mg  N(0,1)  CT 

Errors 

eq 

(Sample) 

EXP 

Errors 

EQ 

(Mew) 

EXP 

DSQ 

-16.6,14.9 

-1.8  -19.1 

0-10 

0-10 

2-100 

16-100 

8.3 

-  7.6,  6.2 

.1  -  6.9 

1-10 

1-10 

6-100 

5-100 

2.7 

-20.8,17.5 

.6  -17.0 

0-10 

0-10 

4-100 

10-100 

11.9 

-  9.7,  8.3 

-.4  -10.6 

0-10 

1-10 

2-100 

14-100 

3.4 

10 

EQ 

-16.1,13.3 

-1.72  -23.5 

0-10 

0-10 

2-100 

19-100 

9.1 

10 

EXP 

-15.7,12.1 

-  11  -19.8 

0-10 

1-10 

1-100 

20-100 

7.7 

-23.8,20.5 

-•.1  -19.4 

•  0-10 

0-10 

2-100 

6-100 

11.5 

-18.4,17.0, 

3.2  3.9 

0-10 

1-10 

16-100 

9-100 

5.9 

-11.6,  9.2, 

-1.8  -19.1 

0-10 

1-10 

8-100 

13-100 

3.9 

-  8.4,  6.9, 

.57  -  6.4 

0-10 

1-10 

1-100 

9-100 

4.9 

.01 

.06 

.04 

.12 

6.9 

Plus  30 

1  more 

.012 

.082 

.054 

.120 

0-20 

2-20 

7-100 

17-100 

5.6 

0-20 

0-20 

2-100 

9-100 

9.3 

20 

EQ 

1-20 

2-20 

5-100 

15-100 

5.6 

20 

EXP 

0-20 

1-20 

4-100 

13-100 

3.9 

0-20 

2-20 

3-100 

9-100 

4.3 

0-20 

3-20 

3-100 

12-100 

3.0 

0-20 

1-20 

0-100 

14-100 

5.8 

1-20 

5-20 

2-100 

12-100 

2.6 

2-20 

3-20 

0-100 

7-100 

3.0 

0-20 

1-20 

1-100 

13-100 

5.6 

.02 

.10 

.03 

■  .12 

Plus  30 

more 

.017 

.096 

.029 

.126 

TABLE  2  ,  Simulation  mj^-M^-N(4, 1) 

Theoretical  error  rate  0.074 
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Errors 

(Sample) 

Errors 

(New) 

EQ 

EXP 

EO 

EXP 

DSO 

0-10 

0-10 

2-100 

9-100 

15.8 

0-10 

1-10 

5-100 

2-100 

5.7 

0-10 

0-10 

0-100 

8-100 

16.3 

0-10 

0-10 

1-100 

11-100 

6.8 

10  EQ 

0-10 

0-10 

0-100 

7-100 

16.5 

10  EXP 

0-10 

0-10 

2-100 

11-100 

11.7 

0-10 

0-10 

2-100 

2-100 

15.4 

0-10 

0-10 

10-100 

10-100 

8.6 

0-10 

0-10 

5-100 

4-100 

12.2 

1-10 

0-10 

0-100 

6-100 

5.9 

Plus  30 
more 

.01 

.01 

.03 

.07 

.oia 

.030 

.024 

.063 

0-20 

0-20 

2-100 

8-100 

7.62 

0-20 

0-20 

0-100 

2-100 

14.1 

1-20 

1-20 

O-lOO 

4-100 

7.8 

20  EQ 

0-20 

1-20 

3-100 

5-100 

6.0 

20  EXP 

0-20 

1-20 

3-100 

2-100 

6.2 

1-20 

1-20 

1-100 

5-100 

6.5 

0-20 

0-20 

2-100 . 

8-100 

9.5 

0-20 

2-20 

2-100 

5-100 

4.7 

1-20 

0-20 

2-100 

2-100 

7.4 

0-20 

1-20 

OtIOO 

5-100 

9.0 

.02 

.035 

.01 

.05 

Plus  30 

.015 

.065 

.014 

.050 

more 

Simulation 

EQ  M(4.0, 

1) 

TABLE  3  . 

EXP  N(6.5 

,1) 

Theoretical  error  rate  0.026 
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Error  a  (Sasgtlo) 

Errors 

(Hew) 

_  EXP 

EXP 

2.02 

0-10 

1-10 

19-100 

23-100 

1-10 

1-10 

36-100 

20-100 

2.70 

10  EQ 

0-10 

2-10 

17-100 

20-100 

S.03 

10  EXP 

2-10 

2-10 

19-100 

36-100 

2.04 

ibU- 

12-100 

3.87 

.06 

.12 

.21 

.27 

PLia  33  more  .043 

.092 

.192 

.266 

1-20 

4-20 

14-100 

24-100 

1.63 

0-20 

5-20 

18-100 

28-100 

2.17 

3-20 

1-20 

40-100 

18-100 

3.29 

20  EQ 

1-20 

3-20 

6-100 

21-100 

3.35 

20  EXP 

2-20 

2-20 

9-100 

22-100 

3.53 

3-20 

2-20 

20-100 

20-100 

1.67 

2-20 

4-20 

17-100 

20-100 

1.76 

0-20 

2-20 

10-100 

20-100 

4.12 

0-20 

2-20 

12-100 

14-100 

3.94 

1=2S. 

3-20 

iSrJQl 

3.04 

.06 

.14 

.16 

.21 

Seex 

•  .18 

-  .075 

Repeat 

.045 

.15 

.14 

.23  1 

(200  inatead  of 

in  each  test) 

Table  4  .  Booker 

and  Nitronovas  data  20  EQ, 

27  EXP, 

7  dimensions,  error  on  original  sample  datai 

EO,  .05,  EXP,  .037.  DSQ  -  2.20,  Theor.  error, 0.15. 


1C 


0 


l« l«2«0«2« l«2 
2«l«l«0«0«l«0«0*0«l 
%§ 2#  2(4#  2f 6«4t 2«  2 
t«@«l«0«l«2«l«0«0«0 
S« 2« )«2« 2«Sf L 
l«&«S«4«6«2«0«7«4«i 
7«M«M«3«4«7«7«4 
2#  24  4« I It2f2#2«) 
^«2,2«4«$«2«1«4«)«2 
•^«M«4«9,S«3«4«4«t 

iSffecs  of  20  i  7  •  9 

Siuml^r  of  e«sot  4  S  2  I 

@«io  eS»»tee«  In  10  of  nlssif^  7  or  oocc 
of  20  or  0«1S  orror  roto. 


RXP  errorB/20 
11,9.0.5,0,11*9,7,7,4 
7, 6,4, 7,3,2, 5, 8,4,5 

2.1.9.4.5.3.5.5.5.4 

7.4.4. 7.4. 3. 4. 4. 4.4 
6,1,4,6,7, 3,4,2, 5,7 
4,3,5,54,1,5,4,1,2 
4,2, 2, 2, 2, 5, 2. 5,1,0 

6.6.5.3.5.5.3.3.5.3 

5.6.6.5.3.7.4.4.5.3 
10,7,5,4,6,5,8,9.3.5 

Borors  our  of  20  6  7  8  9  10  11 

N^ior  of  cosoa  10  8  3  4  1  2 

One  ehaneo  in  10  of  mining  8  or  more 
our  of  20  or  0.40  orror  roro. 


T^lc  5.  Booker  and  Hirronovau  data  20  CO.  27  exp,  7  dinonaiona, 
orror  on  aanplo  darai  CQ,  .051  BXP,  .037,  OSQ  ■  2.20, 
Vkoororical  orror  rate  &.15,  Averago  aimulated  error 
rato  0.19.  Sapiple  of  20  CQ  and  20  CXP  used  to  determine 
each  dlMrlA^inarioti  line.  A  different  diacrinination 
line  la  used  in  nach  roe  of  these  tables. 
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ABSTRACT 


A  summary  of  seismic  source  representation  theory  can  be  most 
economically  given  in  terms  of  the  Green’s  function  solution  to  the 
equations  of  motion  for  an  elastic  medium.  In  this  paper,  the  equations 
of  motion  are  reduced  to  wave  equations  containing  source  terms.  Their 
integral  solutions  are  seen  to  be  composed  of  a  sum  of  three  integrals. 
In  the  context  of  seismic  source  theory,  the  first  of  the  integrals  can 
be  used  to  represent  applied  forces  or  force  equivalents  of  a  tectonic 
source,  the  second  for  tractions  applied  at  the  boundaries  of  the 
medium  and  for  dislocation  equivalents  of  a  seismic  source,  and  the 
third  for  initial  value  or  relaxation  sources  corresponding  to  the 
spontaneous  release  of  stored  potential  energy.  Either  of  the  first 
two  representation  integrals  can  be  used  to  obtain  the  radiated  field 
from  an  explosion,  while  the  third  gives  the  field  due  to  a  tectonic 
or  earthquake  source.  Both  the  body  force  and  dislocation  equivalents 
can  be  used  to  represent  a  tectonic  source,  but  require  an  assumption 
of  the  source  time  function  while  the  initial  value  solution  inherently 
contains  this  information.  Thus  the  latter  solution  can  be  used  to 
predict  the  spectral  and  spatial  properties  of  the  field  from  various 
kinds  of  tectonic  sources.  Predictions  of  these  properties  of  the 
field  from  a  tectonic  source  are  given  using  the  initial  value  theory 
and  lead,  upon  comparison  with  similar  spectral  and  spatial  properties 
of  explosive  sources,  to  criteria  for  the  discrimination  of  earthquakes 
from  explosions. 


--,V« 


INTRODUCTION 


The  plan  of  this  short  paper  is  to  present  in  abbreviated  form 
the  theory  of  seismic  sources  as  it  applies  to  the  problem  of  discrimi¬ 
nating  earthquakes  from  explosions.  Very  detailed  discussions  of  source 
theory  have  been  given  by  numerous  authors,  and  the  reader  is  referred 
to  Archambeau  (1968,  1970a,  b)  for  reviews  of  past  work  and  extensive 
references,  as  well  as  a  more  detailed  discussion  of  some  of  the  results 
to  be  presented  in  this  discussion. 


Basic  theory 


It  is  not  difficult  to  show  (e.g.,  ,  Archambeau,  1970b)  that  the 
equations  of  motion  for  a  homogeneous  elastic  medium  can  be  represented 
by  wave  equations  involving  potentials  1»  2,  3,  4,  such  that 


V^x  -  X  =  "47rq 

V  3t 
a 


(1) 


The  displacement  field  is  connected  to  these  potentials  by  the  equation 
of  motion  itself,  and  in  regions  in  which  the  source  functions  q  are 
identically  zero  (a  confined  source),  we  have 


u. 


3t‘ 


(2) 


Here  u.  is  the  displacement,  X4  is  the  dilatation,  and  x^»  k  =  1,  2,  3 
are  the  three  cartesian  componints  of  rotation.  Also  v^  is  the  compres- 
sional  velocity  and  all  the  vk  are  equal  to  the  shear  velocity.  The 
summation  convention  applies  to  repeated  roman  indices  throughout  this 
discussion,  while  greek  indices,  when  employed,  are  not  subject  to 
the  summation  convention. 

We  are  concerned  here  with  the  representation  of  the  radiation 
field  from  basically  two  kinds  of  seismic  sources,  applied  forces  over 
a  finite  region  such  as  a  pressure  pulse  over  an  internal  boundary  of 
the  medium,  and  stress  relaxation  sources  associated  with  the  spon¬ 
taneous  reduction  of  strain  energy  in  the  region  surrounding  a  zone 
of  failure.  In  the  latter  case,  we  will  assume  that  the  nonlinear  zone 
is  bounded  by  a  continuous  surface  outside  of  which  the  medium  behaves 
elastically  (at  least  to  first  order)  and  that  the  usual, continuity 
conditions  apply  across  this  surface.  We  shall  denote  this  boundary 
surface  by  Z.  Further,  even  while  the  medium  is  prestressed,  we  will 
neglect  finite  strain  effects  involving  the  prestress  and  radiation 
field  stress  since  these  effects  involve  products  of  the  prestrain 
and  the  strain  wave  amplitudes  which  are  both  small  (less  than  10"^ 
certainly),  so  that  such  products  are  negligible.  Similar  statements 
apply  to  the  applied  force  sources. 
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In  addition  to  equation  (1),  we  note  that  it  is  necessary  to 
specify  the  equilibrium  value  of  the  potentials  Xa*  ^he  case  of  a 
spontaneous  rupture,  in  which  a  new  boundary  surface  E  is  in  effect 
introduced,  the  equilibrium  value  of  the  field  must  clearly  be  differ¬ 
ent  before  the  rupture  than  after.  In  fact,  if  we  start  with  the  basic 
equations  of  elastic  equilibrium  in  a  prestressed  medium,  we  find 
that  the  difference  between  the  equilibrium  potential  existent 

before  introduction  of  E  and  that  after  introduction  of  E,  call  this 
is  given  by  (Archambeau,  1968) 


X*  =  0  .  .  .  (3) 

*  fOI  f II 

where  Xa  "  Xa  ■  Xa  is  the  difference  in  the  potentials.  Thus 
X^  is  harmonic.  This  potential  serves  as  an  initial  value  for  Xa* 
since  initially  Xa  •'i^ist  have  the  value  xi®^»  but  finally  (after  a 
long  time)  it  must  reach  the  value  xA^i*  Thus  we  have  what  is  nearly 
the  classical  initial  value  problem,  in  one  dimension  analogous  to 
the  mass  on  a  spring  initially  displaced  from  equilibrium,  except 
here  the  initial  displacement  is  not  arbitrary  but  must  satisfy  (3) 
since  we  are  not  supplying  an  external  force  to  the  medium.  In  all 
cases,  we  can  solve  such  initial  value  problems  by  a  Green’s  function 
method  and  simultaneously  obtain  the  applied  force  solution. 

In  particular,  the  general  solution  to  (1)  is  (e.g.,  Morse  and 
Feshbach,  1953) 
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where  G^(r,  t;  r^,  t^)  is  the  Green’s  function  given  by 
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This  solution  contains  the  entire  representation  theory  for  seismic 
sources.  Since  we  are  interested  in  the  source  itself  and  not  in  the 
effects  of  any  layering  (internal  boundaries),  etc.,  we  can  take  Ga 
to  be  the  infinite  space  Green's  function  whose  form  we  know  imme¬ 
diately.  Reflections  and  so  on  from  internal  and  external  boundaries 
may  be  treated  separately  once  we  have  the  solution  of  (4)  with  the 
infinite  space  Green's  function  (Archambeau,  1968).  The  terms  in 
brackets,  such  as  [xal*  appearing  in  the  surface  integrals  over  S 
denote  the  changes  in  the  bracketed  quantity  across  any  boundary.  Thus 
[XaJ  ~  Xa(^')»  fo’"  example,  denotes  the  change  in  xa  ia  going  from  the 
inside  of  Z,  denoted  T,* ,  to  the  outside,  denoted  Z".  The  coordinates 
r  and  t  are  the  observer's  space-time  coordinates  while  Tq  and  tg  are 
the  source  space-time  coordinates.  The  solution  (4)  essentially 
expresses  the  idea  of  superpositions. 

We  can  interpret  each  of  the  integrals  in  terms  of  source  repre¬ 
sentations.  The  first  integral  in  (4)  can  be  used  to  represent  the 
effects  of  any  force  distribution  imposed  upon  the  medium  by  some 
external  agent.  Or  it  can  be  used  to  represent,  by  appropriate  choice 
of  qa,  a  force  system  equivalent  to  an  earthquake,  if  by  some  other 
means  we  determine  what  force  system  is  appropriate.  We  have  found 
from  observations,  for  example,  that  at  long  periods  the  radiation 
from  an  earthquake  is  quadrapole  in  form  so  that  for  low-frequency 
radiation  we  can  use  a  qa  appropriate  to  a  double  couple  to  obtain 
an  equivalent  spatial  pattern  for  the  field.  At  higher  frequencies, 
observations  suggest  that  a  moving  or  propagating  double  couple  point 
or  line  source  provides  a  spatial  pattern  which  is  close  to  that 
observed  (Ben  Menahem,  1961).  Furthermore,  this  latter  equivalent 
reduces  to  a  quadrapole  field  at  low  frequencies.  Thus  it  is  possible 
to  obtain  a  representation  which  provides  a  field  in  reasonable  agree¬ 
ment  with  the  observations  of  the  field's  spatial  characteristics.  In 
addition,  some  of  the  high-frequency  spectral  properties  of  the  radi¬ 
ation  field  associated  with  rupture  propagation  can  be  approximated. 
Nevertheless,  we  are  required  to  rather  arbitrarily  assign  a  temporal 
behavior  to  the  source  term  q^  and  are  consequently  without  a  predic¬ 
tive  capability  when  using  this  approach. 

The  second  integral  can  be  used  in  an  interesting  fashion  to 
represent  a  tectonic  source,  as  well  as  for  representations  of  the 
radiation  field  due  to  a  distribution  of  applied  forces  or  tractions 
along  a  boundary  of  the  medium.  In  the  case  of  a  tectonic  source,  we 
can  use  the  concept  of  a  dislocation  (Love,  1944).  In  this  case,  we 
define  a  surface,  which  again  can  be  Z,  across  which  either  xa  or  VgXa 
are  discontinuous  so  that  [xa]  or  [V^xal  ^^e  non- zero.  We  can  allow 
this  discontinuity  to  form  along  Z  in  any  manner  we  please,  specifically 
with  any  time  or  space  variation  we  may  wish  to  choose.  Clearly  if  this 
is  the  case,  the  integral  in  (4)  over  the  surface  Z,  will  be  non-zero, 
and  by  this  means  we  can  produce  a  radiation  field.  Then  by  choice  of 
the  kind  of  dislocation  and  its  space  and  time  dependence.  It  should 
be  possible  to  obtain  a  fit  to  the  observed  radiation  from  a  tectonic 
source.  This  is  clearly  again  an  equivalent  type  of  source,  although 
one  with  great  intuitive  appeal.  In  any  case,  we  must  go  to  the 
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observed  radiation  field  from  earthquakes  in  order  to  determine  the 
proper  "jump  conditions"  on  the  dislocation  and  the  time  dependence 
to  be  used.  Considerable  effort  has  gone  into  both  the  theory  and  its 
fit  to  observations  (e.g.,  Haskell,  1964;  Maruyama,  1963,  1964).’  The 
result  is  that  many  of  the  observed  properties  of  earthquake  radiation 
fields  can  be  approximated  using  rather  plausible  and  simple  assump¬ 
tions  for  the  jump  conditions.  Again,  however,  the  theory  lacks  a 
strong  predictive  capability  since  the  representation  requires  speci¬ 
fication  of  the  entire  functional  form  for  [Xq]*  example,  and  a 

large  class  of  functions  will  fit  the  limited  observations  available. 
Therefore,  we  cannot  predict  well  outside  the  range  of  observation. 

The  third  integral  represents  contributions  from  "initial  values" 
of  Xq,-  As  we  will  illustrate  below,  this  integral  specifies  both  the 
spatial  and  temporal  dependence  of  the  radiation  field  in  terms  of  a 
few  parameters.  Hence,  we  need  only  specify  the  geometry  and  dimen¬ 
sions  of  the  rupture  surface  Z,  the  prestress  field,  and  the  rupture 
velocity  in  order  to  obtain  the  complete  radiation  field  and  are  not 
required  to  assume  the  form  of  an  equivalent  time  function  for  the 
source  in  addition. 

As  was  previously  noted,  if  the  medium  is  prestressed  and  failure 
occurs  along  a  region  enclosed  by  Z,  then  necessarily  Xct  n^ust  have  an 
"initial  value".  Thus  the  tliird  integral  intrinsically  represents  a 
tectonic  source.  We  will  develop  this  concept  in  somewhat  greater 
detai 1 . 

First,  consider  the  simple  case  of  the  instantaneous  fracture. 
This  example  will  illustrate  the  idea  and  also  give  us  the  solution  to 
th  e  problem  of  a  spherical  rupture  created  at  a  rate  greater  than  the 
intrinsic  speed  of  wave  propagation  in  the  medium.  Specifically,  an 
explosive  generated  shock  wave  from  a  "point"  source  in  a  stressed 
medium  would  give  rise  to  a  roughly  spherically  symmetric  fracture 
zone  and  if  failure  is  totally  controlled  by  the  shock,  created  at  a 
speed  greater  than  the  compressional  velocity.  Thus  the  rupture  would, 
in  effect,  be  instantaneous  since  no  relaxation  effects  could  occur 
until  after  its  complete  formation. 

We  have  from  equation  (4)  and  our  previous  discussion,  the  follow 
ing  initial  value  problem  for  the  instantaneous  fracture 
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Here  we  only  consider  the  relaxation  or  initial  value  part  of  the 
solution  in  (4)  and  denote  it  by  and  use  an  infinite  space 

Green’s  function  for  Gqj.  Since  the^fracture  is  instantaneous,  say 
at  time  tQ  =  0,  then  the  equilibrium  field  must  change,  the  change 
being  by  an  amount  xS(r),  and  this  is  the  initial  value  for  the 
dynamic  field  at  to  =  The  actual  details  of  how  the  dynamic  field 
changes  for  all  time  is  given  by  the  solution  of  equation  (5),  where 
will  be  measured  relative  to  the  final  state  of  equilibrium. 
n8w,  in  view  of  (5)  and  the  associated  initial  conditions. 
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The  evaluation  of  this  integral  solution  for  shock  induced  rupture  in 
a  prestressed  medium  will  be  given  in  the  paper  on  tectonic  release. 

It  is  an  easy  generalization  to  the  case  of  a  rupture  proceeding 
at  some  finite  rate,  or  for  the  general  case  in  which  Vj^<Va.  A  detailed 
treatment  is  given  by  Archambeau  (1970b).  However,  we  can  see  that  if 
we  consider  a  superposition  of  processes  like  that  just  described 
separated  by  small  time  intervals,  then  we  can  simulate  a  continuous 
process  of  rupture  over  a  finite  time  interval.  In  particular,  we 
treat  the  initial  value  integral  in  (4)  as  a  Stieltjis  integral  and 
express  it  as 
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Here  we  have  in  effect  broken  the  range  of  integration  up  into  inter¬ 
vals  (t|(,  T|(4i)  in  which  the  integrand  is  continuous  and  evaluated 
each  of  the  time  integrals.  We  have  required  that  the  integrand  be 
discontinuous  at  the  times  k  «  1,...,  n  and  these  times  correspond 
to  the  instants  of  discrete  growth  in  the  rupture.  Thus  we  require 
that  the  Xq  appearing  in  the  integrands  be  such  that 

-  X<,(Tk*c)l  .  «xj  )<  0 
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which  gives  discontinuities  in  the  field  corresponding  to  changes  in 
the  equilibrium  potential  appropriate  to  a  new,  slightly  changed, 
rupture  dimension.  This  is  then  just  a  sum  of  instantaneous  events 
separated  by  times  6tj^  =  "  '’^k+1*  note  that  for  each  such  event 

no  "velocity"  is  imparted  to  the  system  (pure  relaxation),  so  that 
(9Xa/9to)  is  continuous  at  all  times.  The  previous  result  can  now  be 
written  as 
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where  we  have  multiplied  and  divided  by  In  the  limit  as  -►  0, 

that  is  when  the  rupture  process  is  continuous,  we  have 
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where  U(t  -t  )  is  a  step  function  and  Xp  is  the  time  interval  of 
rupturing?  Tne  step  function  merely  defines  the  time  interval  for 
the  completion  of  the  rupture  process. 


The  relaxation  effects  can  be  obtained  from  (7)  (or  from  (5) 
when  v„  >  v  )  once  we  obtain  xS  3*^  appropriate  solution  of  (3), 
Many  sUch  solutions  exist  in  the  literature  (e.g.,  Landau  and  Lifshitz, 
1959). 


Seismic  source  fields 


The  simplest  and  often  most  convenient  way  of  evaluating  the 
source  field  integrals  (5)  or  (7)  is  in  the  form  of  a  multipole 
expansion  in  the  frequency  domain.  Using  the  result  for  the  equilibrium 
displacements  for  a  cavity  in  a  medium  under  pure  shear,  given  by 
Landau  and  Lifshitz,  1959,  we  can  consider  the  radiation  due  to  relax¬ 
ation  around  a  moving  spherical  rupture  zone  which  translates  as  it 
grows  from  a  point  to  some  maximum  radius  and  then,  as  it  continues 
to  translate,  decreases  in  radius  to  a  point  again,  marking  the  end 
of  a  spheroidal  rupture  zone.  Hxpressing  the  displacement  field  in 
terms  of  the  potentials  Xa*  ^^ith  coordinates  at  the  center  of  the 
moving  sphere,  allowing  the  radius  appearing  in  the  result  to  be  an 
appropriate  function  of  time,  expanding  Xa  spherical  harmonics  and 
finally  expressing  the  spherical  harmonics  in  coordinates  fixed  in 
space  at  the  point  of  first  rupture  (i.e.  allowing  thereby  for  the 
rupture  propagation  effect),  one  has  (Archambeau,  1964,  1968) 
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by  C,  Arcluimltciiii,  in  those  proccodings.  The  solution  has  the  same 
form  as  does  (8),  with  i  •  2  the  only  non-zero  term  so  that  it  is  a 
pure  qiiadrupole  rield, 

Ke  can  sninmarlzo  the  proporitics  of  the  radiation  field  for  the 
tectonic  source  {;lvon  Ity  (8)  as  follows: 

1.  At  low  frequencies,  the  i  ■  2  term  dominates,  i.e.,  for 

wii'i  I,  the  rupture  length. 

2.  At  high  frequencies,  (■}L>1,  higher  A  value  terms  are  important, 
and  the  summed  (interference)  effect  is  due  to  rupture  propagation. 

3.  The  spatial  radiation  pattern  is  controlled  entirely  by  the 
prestress  when  ul.<l  and  by  the  prestress  and  the  propagation  effects 
when  ul.>  I . 

'i.  l^'typc  displacement  is  approximately  two  orders  of  magnitude 
less  than  S-type  displacements  for  tectonic  sources  at  shallow  depths. 

5.  The  displacement  (or  velocity  and  energy  density)  spectrum 
has  an  absolute  maximum  with  the  peak  frequency  f^ax  depending  on 
fault  lenght  L  and  to  a  lesser  extent  on  rupture  velocity  vg.  The 
magnitude  of  the  displacement  spectrum  at  the  peak  is  dependent 
primarily  on  the  prestress  level  in  the  failure  region. 

6.  Other  (lesser)  maxima  and  minima  occur  at  higher  frequencies 
and  arc  due  to  rupture  growth  effects.  Asymptotically  the  displacement 
spectrum  approaches  1/u*  at  high  frequencies  and  a  constant  for  very 
low  frequencies. 

It  is  of  considerable  importance  to  the  problem  of  earthquake- 
explosion  discrimination  that  these  properities  be  contrasted  with 
the  corresponding  properities  of  an  explosive  source  in  a  prestressed 
medium.  In  the  paper  on  tectonic  release  from  explosions  and  earth¬ 
quakes  (Archambeau,  in  these  proceedings),  the  details  of  the  explo¬ 
sive  radiation  field  will  be  discussed  and,  on  the  basis  of  the 
properties  of  that  field  compared  to  those  listed  above,  a  number  of 
discrimination  criteria  are  given.  In  this  discussion,  we  will  first 
illustrate  some  of  the  properties  of  (8)  obtained  from  computations, 
and  then  supply  evidence  from  observations  that  earthquake  radiation 
fields  do  in  fact  have  these  properties. 

figure  1  shows  the  computed  radiation  pattern  at  a  distance  of 
0  ■  301.5  km  for  the  translating  sphere  model.  Both  the  phase  and 
the  amplitude  as  functions  of  azimuth  are  shown  at  a  period  T  »  1.2S 
sec.  This  period  corresponds  to  a  wavelength  about  equal  to  the 
rupture  length  used,  so  the  patterns  show  the  asymmetric  radiation 
due  to  rupture  propagation  effects.  Note  that  both  the  phase  and 
amplitudes  arc  distorted.  The  initial  strains  are  shown  in  the  figure. 

figure  2  shows  the  patterns  under  the  same  conditions  as  apply 
to  figure  1,  except  that  the  initial  strain  field  is  different. 

Hence  the  pattern  shape  is  seen  to  be  very  different.  This,  of  course. 


is  entirely  as  expected.  It  is  worth  pointing  out  that  the  dilatation 
amplitudes  in  both  Figures  1  and  2  are  much  smaller  than  the  largest 
of  the  rotation  amplitudes.  These  two  figures  illustrate  the  smaller 
P-wave  amplitudes  compared  to  S-wave  amplitudes  and  the  asymmetry 
introduced  by  rupture  propagation  at  frequencies  such  that  ojL  =  1. 

Figure  3  shows  the  radiation  pattern  due  to  rupture  of  the  same 
kind  as  in  Figure  2,  but  in  this  case  at  longer  period.  Now  we  see 
that  the  asymmetry  introduced  into  the  pattern  shape  by  rupture  propa¬ 
gation  has  effectively  disappeared,  and  the  pattern  is  essentially 
pure  quadrapole.  The  period  used  is  such  that  uL  >>  1,  and  the  first 
term  in  equation  (8),  il  =  2,  dominates.  Thus  as  noted,  the  patterns 
become  simple  quadrapole  at  long  periods,  and  we  see  that  the  pattern 
shape  is  frequency  dependent. 

On  the  other  hand.  Figure  4  shows  the  patterns  at  short  period 
such  that  (jjL  =  1,  but,  because  we  have  taken  the  rupture  to  propagate 
into  the  plane  of  the  figure  ("dip-slip"  case),  there  is  no  observed 
effect  on  the  pattern  symmetry  due  to  rupture  growth  effects.  There¬ 
fore,  we  see  that  the  projection  of  the  field  into  planes  normal  to 
the  direction  of  rupture  propagation  does  not  give  a  pattern  showing 
the  asymmetry  of  rupturing.  This  is  clearly  what  would  be  expected, 
although  could  possibly  be  overlooked,  since  the  effects  of  rupture 
growth  on  the  field  pattern  is  such  as  to  keep  the  propagation  direc¬ 
tion  an  axis  of  symmetry.  Naturally,  observations  of  the  field  in 
the  real  earth  could  reveal  the  pattern  asymmetry  which  exists  through 
observations  of  those  waves  emerging  in  the  direction  of  rupture 
propagation,  but  this  would  require  observations  at  great  distances 
such  that  the  least  time  paths  starting  from  the  near  vertical  at 
the  source  were  observed. 

Figure  5  shows  the  patterns  for  an  explosive  source  in  the 
prestrain  field  of  Figure  4,  and  we  see  that  the  patterns  at  the 
roughly  300  km  distances  are  of  the  same  form.  The  direct  pressure 
wave  monopole  component  has  been  omitted  here.  Hence  we  cannot 
expect  to  see  any  pattern  differences  between  the  anomalous  field 
from  an  explosion  in  a  prestressed  medium  and  the  field  from  a 
"dip-slip"  earthquake  at  these  distances,  and  only  at  great  distances 
would  differences  due  to  rupture  propagation  appear.  Of  course, 
differences  in  the  dilatational  or  P-wave  field  would  occur  at  all 
distances  due  to  the  monopole  component  of  the  total  field  from  the 
explosion.  This  would  also  be  true  for  the  Ray leigh- type  surface 
waves . 

The  spectral  properties  of  the  field  observed  at  a  given  distance 
can  be  illustrated  through  computations  based  on  a  somewhat  simpler 
model  than  the  propagating  rupture  model  so  far  employed.  In  partic¬ 
ular,  for  a  spherical  rupture  developed  at  a  rate  Vj^  <  Va  (Archambeau, 
1968),  we  obtain  the  essential  features  of  the  spectrum  for  tectonic 
sources . 

Figure  6  illustrates  spectra  computed  from  such  a  model.  We 
show  the  spectra  of  displacement,  velocity  and  energy  all  normalized 
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to  unity.  The  features  of  these  spectra  which  are  especially  important 
are  the  asymptotic  behavior,  the  displacement  going  to  a  constant  in 
the  low-frequency  limit  and  to  zero  like  l/m^  at  high  frequencies,  and 
the  peak  in  the  spectrum.  Thus  we  note,  contrary  to  some  of  the  pre¬ 
vious  models  used  for  tectonic  or  earthquake  sources,  that  the  spec¬ 
trum  is  not  flat  to  zero  frequency  beyond  some  critical  frequency, 
but  is  peaked  and  decreases  quite  rapidly  beyond  the  peak  frequency. 

The  details  of  t!ie  frequency  dependence  of  this  model  are  given  by 
Archamheau  (1968).  In  a  later  section  of  this  paper,  we  will  show 
examples  of  observed  earthquake  spectra  which  have  the  predicted 
peaked  spectrum  behavior.  In  view  of  these  results,  as  well  as  others, 
there  appears  to  be  little  reason  to  believe  that  earthquakes  produce 
t!ie  flat  spectral  character  often  used.  One  consequence  of  the  fact 
that  the  assumption  of  a  flat  spectrum  to  zero  frequency  does  not 
hold  is  that  calculations  of  earthquake  moments  based  on  this  assump¬ 
tion  of  flatness  will  be  in  error.  The  error  introduced  will  always 
be  sucli  as  to  give  too  large  a  moment. 

Tlie  peak  frequency  point,  fpiax*  depends  on  the  rupture  dimensions 
(in  particular  L)  and  the  rupture  velocity,  the  latter  to  a  lesser 
extent.  Thus  it  is  an  important  means  of  determining  rupture  length, 
and  this  in  turn  is  an  important  means  of  discrimination  since  observa¬ 
tions  indicate  that  shallow  earthquake  mechanisms  are  such  that  the 
rupture  length  for  an  earthquake  of  given  energy  will  be  much  larger 
than  the  source  dimension  for  an  explosion  of  the  same  seismic  energy. 
Figure  7  shows  the  nature  of  the  variation  of  f^^ax  with  the  rupture 
dimension  Rq.  It  is  important  to  note  that  the  location  of  this  curve 
depends  upon  Rs/^d  well,  where  Rg  is  the  radius  of  the  zone  in 
which  most  of  the  relaxation  of  stress  occurs.  Archambeau,  in  these 
proceedings  on  tectonic  release  from  explosions  and  earthquakes, 
discusses  the  interpretation  and  effect  of  Rs  in  greater  detail. 

Observations  from  seismic  sources 


In  order  to  illustrate  the  verification  of  these  predictions,  we 
will  present  a  few  observations,  emphasizing  those  that  bear  most 
directly  on  the  discrimination  problem. 

Consider  first  the  observed  properties  of  the  radiation  patterns 
from  an  earthquake.  We  will  consider  the  Love  and  Rayleigh  surface 
waves  from  the  Fallon  earthquake,  mjj  =  4.4;  these  patterns  should 
show  the  predicted  properties  of  asymmetry  at  high  frequencies,  even 
though  these  predictions  were  made  on  the  basis  of  the  body  wave  field 
from  tile  source.  Figure  8  shows  the  Love  wave  radiation  patterns  from 
Fallon  at  four  different  frequencies.  This  data  is  from  a  paper  by 
Lambert  et  al,  1970.  At  a  period  T  =  9  sec,  we  see  that  the  amplitudes 
to  the  northeast  are  larger  than  those  to  the  southwest  by  a  factor 
of  3  or  4.  We  also  note,  however,  that  the  amplitudes  on  the  north¬ 
west  lobe  are  mucli  smaller  than  those  to  the  southeast  and  in  fact 
smaller  tlian  on  either  of  the  other  two  lobes  as  well.  We  interpret 
this  latter  asymmetry  to  bo  due  to  scattering  by  lateral  changes  in 
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structure,  since  the  Sierra  Nevada  lies  across  the  path  to  the  north¬ 
west,  while  the  former  asymmetry  is  interpreted  as  due  to  rupture 
propagation  effects.  The  validity  of  this  interpretation  is  strongly 
supported  by  the  behavior  of  the  pattern  as  the  period  becomes  larger 
since  we  see  that  the  small  amplitude  on  the  Sierra  side  remains 
while  the  asymmetry  in  the  northeast-southwest  lobes  decreases  steadily 
for  longer  periods,  as  is  predicted  for  rupture  propagation  effects. 

The  very  efficient  propagation  of  the  surface  wave  energy  across  the 
interior  of  the  continent  to  the  east  coast  is  a  structural  effect. 

Once  the  waves  pass  beyond  the  Rocky  Mountains,  they  are  not  severely 
scattered  and  appear  to  be  controlled  first  by  a  crustal  wave  guide 
(short  periods)  and  then  by  a  mantle  wave  guide  at  longer  periods. 

The  theoretical  pattern  is  shown  for  reference  and  corresponds  to  a 
simple  double  couple  at  a  depth  h  =  20  km.  It  has  the  same  form  for  all 
periods  since  no  rupture  propagation  effects  were  taken  into  account. 
Even  so,  the  agreement  is  quite  good,  especially,  of  course,  at  the 
longer  periods. 

Figure  9  shows  that  similar  effects  occur  for  the  Rayleigh  waves 
from  Fallon,  although  the  patterns  are  more  sensitive  to  fault  orien¬ 
tation  and  structure.  Thus  the  theoretical  double  couple  patterns 
computed  using  the  fault  parameters  shown  (X  =  slip  angle,  6  =  dip 
angle  and  -  strike  angle)  show  a  frequency  dependence  due  to  the 
rupture  orientation  and  the  local  sturcture  at  the  source.  This 
frequency  dependence  is  mild  compared  to  the  variation  with  frequency 
due  to  propagation  effects.  Again  this  shows  up  best  through  comparison 
of  the  pattern  at  T  =  9  sec  with  that  at  T  =  12  or  16  seconds.  Thus 
we  again  see  the  propagational  effect  as  predicted.  In  spite  of  this 
effect,  however,  the  fit  of  a  simple  double  couple,  oriented  as 
indicated,  is  quite  good.  The  structural  wave  guide  effects  east  of 
the  Rocky  Mountains  are  again  apparent  from  the  pattern  variations 
shown. 

These  observations  may  be  contrasted  with  those  of  Figure  10,  the 
Love  and  Rayleigh  wave  radiation  patterns  from  the  underground  explo¬ 
sion  Bilby  (m  =  5,8).  The  patterns  appear  to  be  much  more  symmetric 
and  to  show  little  if  any  rupture  propagation  effects.  In  this  case 
the  Love  waves  are  totally  due  to  tectonic  effects,  while  the 
Rayleigh  wave  is  a  superpostion  of  the  monopole  contribution  to  the 
dilatational  field  from  the  explosion  itself,  plus  a  quadrapole  contri¬ 
bution  from  tectonic  release.  In  this  case,  the  patterns  are  fit  very 
well  by  the  theoretical  model.  These  observations  and  the  fit  are 
consistent  with  the  theoretical  predictions  of  the  relaxation  effects 
due  to  a  spherical  rupture  controlled  by  the  explosive  shock  wave. 

The  details  of  earthquake  spectra  have  been  difficult  to  obtain 
reliably  since  most  instrumentation  has  been  very  band  limited 
relative  to  the  spectrum  from  the  larger  earthquakes.  However,  broad 
band,  high-frequency  instrumentation  has  been  used  to  observed  micro¬ 
earthquakes,  and  it  has  been  possible  to  obtain  nearly  the  whole 
spectrum  for  such  small  sources.  This  offers  us  the  opportunity  of 
checking  the  spectrum  of  these  sources  with  the  predictions  of  a 
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relaxation  source  theory.  Figure  11  shows  the  spectra  of  three  micro¬ 
earthquakes  in  Anza,  California,  obtained  by  Sammis  and  Smith,  1970, 
Only  at  the  very  high  frequencies  is  the  instrument  response  such 
that  there  is  some  uncertainty  in  the  spectrum.  However,  all  the 
lower  frequencies  are  well  recorded,  and  these  spectra  show  the 
predicted  decrease  in  amplitude  for  longer  periods  and  the  associated 
spectral  peak. 

UsLng  these  spectral  peaks,  we  can  obtain  an  estimate  of  rupture 
dimension  from  the  relaxation  theory.  A  graph  such  as  is  shown  in 
Figure  7  can  be  used  and  for  the  cases  Rc/Rq  “  ^  with 

V|^  =  3  km/sec,  we  can  obtain  bounds  on  the  rupture  dimensions.  These 
bounds  represent  the  required  dimensions  for  these  sources  under  the 
conditions  that  the  failure  is  associated  with  a  limited  stress  concen¬ 
tration  (Rs/Ro  =  2)  or  under  the  condition  that  the  stress  was  regional 
and  quite  uniform  before  rupture  (R3/R0  =  10).  Table  1  shows  the 
rupture  dimension  limits  obtained  in  this  way. 

[n  addition  to  rupture  dimension,  the  energy  partition  between  P, 
SV  and  SII  can  be  computed  from  the  spectra  for  htese  phases.  These 
values  are  given  in  the  table  and  show  that,  as  predicted,  the  P-wave 
energy  is  roughly  two  orders  of  magnitude  below  the  S-type  energy. 

Thus  we  have  observational  support  for  the  predicted  properties 
of  the  tectonic  source.  In  addition  these  properties  suggest  a  number 
of  methods  of  discrimination  between  earthquake-explosion  events. 

Summary,  with  implications  for  discrimination 

The  theory  discussed  in  this  paper  appears  to  fit  the  rather 
limited  observations  of  spectra  and  radiation  patterns  for  earthquakes 
and  explosions  quite  well.  By  way  of  summary,  we  will  consider  some  of 
the  consequences  for  discrimination  between  such  events. 

Figure  12  shows  event  magnitude  versus  characteristic  source 
dimension.  This  data  was  gathered  from  a  number  of  sources  and  has 
been  discussed  by  Liebermann  and  Pomeroy,  1970,  and  by  Liebermann  in 
these  proceedings.  The  single  point  near  m  =  .6,  L  =  .05  km  represents 
the  three  determinations  of  rupture  dimension  obtained  from  the  spectra 
of  Figure  11.  This  distribution  of  observations  suggests,  at  least  at 
this  stage,  that  there  are  both  high  stress,  small  rupture  dimension 
events  and  low  stress,  large  rupture  dimension  earthquake  events.  In 
spite  of  this,  it  appears  that  small  magnitude  explosions  and  earth¬ 
quakes  differ  sufficiently  in  their  magnitude-dimension  relationship 
so  that  discrimination  is  possible  in  the  range  around  3  <  m  <  5. 

Above  m  =  5,  this  discrimination  criteria  is  already  well  established. 
Below  m  =  3,  we  have  no  indications  from  this  data  at  least,  but  it 
appears  possible  that  the  differences  may  extend  below  this  level  as 
well . 

In  addition  to  this  approach,  however,  we  have  several  other 
criteria  which  can  be  used.  First  we  might  point  out  that  a  simpler 
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and  probably  more  meaningful  criteria  related  to  m  vs  L  (or  mg,  the 
surface  wave  magnitude)  is  a  criteria  based  on  f^ax  (spectral  peak 
frequency)  vs  E  (energy  of  the  phase  with  spectral  peak  at  fmax)* 

Since  we  have  seen  that  f^ax  simply  related  to  L  and  E  to  the 
magnitude,  then  we  expect  a  similar  earthquake-explosion  source 
separation  as  is  evidenced  for  m  vs  L.  Actually  if  E  is  plotted  (on 
the  ordinate)  against  T^ax  “  l/%ax»  would  obtain  a  plot  very 
similar  to  that  in  Figure  12  if  E  and  Tmax  were  obtained  for  one  of 
the  S  phases,  one  would  expect  the  explosions  to  be  lower  than  the 
earthquakes,  that  is  just  inverted  from  that  for  a  P  phase. 

In  view  of  the  differences  in  radiation  patterns  between  earth¬ 
quakes  and  explosions  as  evidenced  in  Figures  8  through  10,  we  can 
use  strong  "high”  frequency  asymmetries  in  the  Love  and  Rayleigh  wave 
patterns  and  differences  in  the  shape  of  the  Rayleigh  pattern  at  all 
frequencies  as  discriminants.  Further,  due  to  the  relatively  high 
excitation  of  S  motion  by  earthquakes  relative  to  P  and  similar 
excitation  of  P  and  S  for  explosions,  we  can  see  the  Love  to  Rayleigh 
wave  spectral  ratio  as  a  function  of  frequency  to  discriminante .  For 
L/R  vs  frequency,  we  should  see  a  much  larger  ratio  for  earthquakes 
than  for  explosions  at  long  periods.  This  approach  is  also,  of  course, 
applicable  to  the  S/P  body  wave  spectral  ratio.  These  criteria  are 
investigated  in  more  detail  in  the  paper  on  tectonic  release  from 
earthquakes  and  explosions  in  these  proceedings. 
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Figure  1.  Radiation  patterns  for  a  propagating  spherical  rupture 
with  final  rupture  dimensions  L  =  1.5  km,  W  =  . 2  km 
(width),  (a)  Dilatation  amplitude  and  phase  versus 
azimuth,  (b)-(d)  Rotation  components,  amplitude  and 
phase  versus  azimuth.  Arrow  in  the  figures  indicates 
direction  of  rupture  propagation.  Asymmetries  in  the 
patterns  are  due  to  rupture  propagation  or  growth  effects. 
Patterns  correspond  to  radiation  wavelengths  Xp  =  4  km 
and  As  =  2  km  as  compared  with  L  =  1.5  km.  The*^asymmetries 
increase  for  shorter  wavelengths  and  decrease  (to  pure 
quadrapole)  at  long  wavelengths.  The  patterns  shown  are 
typical  for  A/L  «  1.  The  patterns  therefore  change  shape 
as  functions  of  frequency  (Archambeau,  1968). 


Figure  2.  Radiation  patterns  for  the  sane  propagating  rupture  model 

used  in  Figure  1  but  with  a  different  initial  strain  field. 
Note  that  the  dilatation  amplitude  is  much  smaller  than  the 
largest  of  the  rotation  amplitudes  here  and  also  for  the 
case  shown  in  Figure  1  (Archambeau,  1968), 


Figure  3.  Radiation  patterns  for  the  sane  propagationg  rupture 
model  of  Figure  2,  but  at  a  longer  period.  In  tnis 
ease  the  pattern  is  nearly  pure  quadrapole  in  form 
and  the  effects  of  rupture  propagation  are  small,  in 
this  example  X/L  ^  10  for  all  components  (Archambeau, 
1968). 


it;urc  4.  Kadintion  patterns  for  rupture  propagation  into  the 
plane  of  the  figure.  In  this  case  projection  of  the 
field  onto  the  plane  normal  to  the  rupture  propaga¬ 
tion  direction  (symmetry  axis  of  the  field)  does  not 
show  rupture  propagation  effects  at  the  distance 
0  >  301.S  km  even  though  A/I.  "  1.  This  corresponds 
to  a  "dip  si  ip"  fault  configuration  (Archambeau,  1964). 


Figure  5.  Kadiation  patterns  due  to  tectonic  release  associated 
with  shock  controlled  rupture  (vg  >  V(,)  in  a  fflcditim 
having  a  pre-strain  field  the  same  as  in  Figure  4.  The 
monopole  component  (pure  dilatational)  due  to  the  explo¬ 
sive  pressure  wave  itself  has  been  omitted  so  that  only 
the  anomalous  field  is  shown.  The  patterns  are  seen  to 
be  the  same  as  for  the  dip  slip  configuration  illustrated 
in  Figure  4  (Archnnbeau,  1964). 
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.  Ilisplacenenc,  velocity  and  energy  vtraua  Frequency  For 
an  equilateral  apherical  rupture.  Rupture  paranotera 
are  choaen  so  that  Vo/Vn  •  1/2,  Ri/I^  *  2,  with  R.  the 
eFFective  radius  oF  strain  relaxation  and  Rq  the  fixed 
rupture  tone  radius.  Spectra  For  this  sinple  nodel  have 
one  naxinun,  unilateral  propagating  rupture  nodels  have 
nany  naxina,  with  the  largest  corresponding  to  the  naxinun 
illustrated  here.  The  spectruns  correspond  to  the  radiated 
Field  to  be  observed  at  distances  such  that  hr  >  I,  with 
k  the  wave  nwfiber  and  r  the  distance  Fron  the  source  origin 
(Archanbeau,  1961). 


Figure  7. 


Plot  of  frequency  at  the  maximum  in  the  velocity  spectrum 
for  the  simple  equilateral  spherical  rupture  as  a  function 
of  rupture  radius  R.,  with  rupture  velocity  as  a  parameter. 
Here  vr/v-  ■  1/2  ana  Rs/Ro  ■  2.  For  larger  ratios  of  Rs/Ro 
the  curves  move  in  parallel  to  the  left,  that  is  to  lower 
frequencies.  For  Rs/Ro  infinite,  a  limit  point  is  reached. 
For  Rs/Rq  >  3  there  is  very  little  change  in  the  position 
of  the  curves  with  increases  in  this  ratio.  If  the  pre¬ 
strained  region  is  uniform  over  a  large  region  around  the 
rupture,  large  values  of  Rs/Ro  ^re  appropriate.  If  the 
rupture  is  in  response  to  a  localized  stress  concentration 
then  lower  values  of  Rs/Ro  would  be  expected  (Archambeau, 
1968). 
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Figure  8,  Love  wave  radiation  patterns  observed  from  the  Fallon 
earthquake,  mj,  =  4.4,  with  period  as  a  parameter.  The 
pattern  shapes  are  affected  by  rupture  propagation  and 
lateral  variations  in  earth  structure.  The  large  ampli¬ 
tudes  to  the  northeast  at  short  periods  are  due  to 
rupture  propagation;  the  small  amplitudes  to  the  north¬ 
west  at  all  periods  are  the  result  of  scattering  pro¬ 
duced  by  lateral  variations  in  structure  in  going  from 
the  Basin  and  Range  structural  province  into  and  across 
the  Sierra  Nevada.  Theoretical  pattern  for  a  simple 
double  couple  at  depth  h  =  20  km,  X  =  slip  angle  with 
X  =  0  horizontal,  6  =  dip  angle  and  =  azimuth  angle 
(data  from  Lambert  et  al,  1970) 


Figure  9.  Fallon  Rayleigh  waves  as  a  function  of  azimuth  with 
period  a  parameter.  These  patterns  show  basically 
the  same  behavior  as  do  the  Love  waves  of  Figure  8, 
with  somewhat  greater  complications  due  to  fault  ori¬ 
entation  and  structure  effects.  The  theoretical  patterns 
shown  are  for  a  simple  double  couple  at  h  =  20  km  and 
change  shape  slightly  with  period.  The  asymmetry  associated 
with  the  north-south  lobes  at  T  =  9  sec  again  appears  to 
be  due  to  rupture  propagation.  The  eastern  U.S,  again 
appears  to  have  period  dependent  wave  guide  characteristics 
(data  from  Lambert  et  al,  1970), 
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Figure  10.  Love  and  Rayleigh  wave  radiation  patterns  from  the  under¬ 
ground  explosion  Bilby  (mb  =  5.8)  at  periods  T  =  15  and 
20  seconds.  The  patterns  show  rather  strong  symmetry  at 
all  periods  and  conform  to  the  theoretical  predictions  of 
a  simple  quadrapole  source  for  the  anomalous  radiation 
due  to  tectonic  release.  The  theoretical  patterns  are  from 
a  simple  quadrapole  or  double  couple  source  superposed  on 
a  pure  dilatational  monopole  and  agree  quite  well  with  the 
observed  patterns.  The  factor  F  represents  the  ratio  of 
double  couple  to  monopole  source  excitation  (data  from 
Lambert  et  al,  1970). 
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Figure  11.  Spectra  from  three  microearthquakes  (Anza,  California 

area)  recorded  on  a  broad  band  seismometer.  The  spectra 
show  the  predicted  peak  for  a  tectonic  source.  The 
spectral  peaks  are  used  to  compute  rupture  length 
(Sammis  and  Smith,  1970). 


MAGNITUDE  (m) 


Figure  12.  Body  wave  magnitude  m  versus  fault  length  L  determined 
by  a  variety  of  methods  and  investigators.  The  point  at 
m  =  .6  and  L  =  .05  km  corresponds  to  the  magnitudes  and 
fault  lengths  determined  from  the  microearthquake  spectra 
of  Figure  11.  The  point  established  by  these  observations 
is  in  agreement  with  the  Wyss-Brune  curve  and  is  the 
smallest  magnitude  for  which  accurate  fault  length  has 
been  determined.  The  data  suggest  both  high  and  low  stress 
earthquakes  in  the  low  magnitude  range  (m<4.S)  with 
shorter  faults  for  high  stress  events  when  both  types 
have  the  same  observed  magnitude.  The  relatively  few  obser 
vations  of  explosions  suggest  that  the  source  dimension 
is  small  relative  to  an  earthquake  of  the  same  magnitude, 
even  for  magnitudes  m  <  4.5,  although  clear  separation 
between  explosions  and  earthquakes  below  m  =  3  may  become 
less  clear  in  view  of  the  observations  of  high  stress 
microearthquakes  (Liebermann  and  Pomeroy,  1970;  Liebermann 
these  proceedings,  1970). 
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DEDUCTION  OF  SEISMIC  SOURCE  PARAMETERS 
FROM  LONG  PERIOD  WAVES 

By 

James  N.  Brune 
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The  deduction  of  source  parameters  of  seismic  events  from 
long  period  waves  is  here  discussed  in  connection  with  the  problem 
of  detecting  underground  nuclear  explosions  and  discriminating  earth¬ 
quakes  from  explosions. 

Several  fundamental  assumptions  may  be  taken  as  valid  for  the 
purposes  of  this  discussion.  The  first  is  that  underground  explosions 
and  naturally  occurring  seismic  events  are  distinctly  different  as 
seismic  sources.  Hence,  if  all  seismic  waves  generated  by  the  two 
sources  could  be  clearly  recorded,  there  would  be  no  difficulty  in 
distinguishing  them.  It  is  a  generally  accepted  and  experimentally, 
supported  result  that  explosive  seismic  sources  may  be  approximated 
by  a  more  or  less  symmetric  pressure  pulse,  whereas,  earthquakes  may 
be  approximated  by  a  more  or  less  complicated  superposition  of  shear 
couples.  Thus  explosions  cause  relatively  symmetric  radiation  of 
seismic  waves,  whereas  earthquakes  cause  very  asymmetric  radiation 
with  many  nodes  and  changes  in  phase.  In  addition  explosions  generate 
seismic  waves  with  much  greater  relative  high  frequency  and  compres-  ~ 
sional  energy  than  do  earthquakes. 

Given  large  numbers  of  high  quality  seismographs  operating  at 
close  distances  to  seismic  sources,  there  would  be  no  difficulty  in 
detecting  and  identifying  explosions  as  small  as  a  fraction  of  a 
kiloton  in  yield.  In  practice  detection  and  identification  of  small 
underground  explosions  is  made  very  difficult  by  constraints  imposed 
on  the  available  data.  The  main  constraint  is  the  combined  effect 
of  seismic  noise  level  in  the  earth  and  political  and  economic 
limitations  on  the  locations  and  number  of  seismographs.  A  typical 
problem  is  posed  by  the  condition  that  for  some  possible  underground 
explosions,  no  seismographs  may  be  located  nearer  than  30**.  Other 
limitations  might  be  caused  by  difficulties  in  recording  in  the  oceans. 
In  the  presence  of  seismic  noise  and  such  constraints  there  will  be 
some  lower  yield  limit  below  which  explosions  cannot  be  detected  or 
identified.  Special  arrays  and  special  processing  will  allow  a 
significant  increase  in  signal- to-noise  ratio  but  it  is  probable 
that  even  a  large  investment  in  arrays  of  instruments  and  sophisticated 
processing  will  not  increase  the  signal- to-noise  ratio  by  more  than  a 
factor  of  10. 

To  orient  the  discussion  toward  the  role  of  long  period  observa¬ 
tions  in  the  problem  of  detecting  and  discriminating  earthquakes  from 
explosions,  consider  Figure  1.  This  is  a  figure  comparing  amplitude 
of  ground  noise  with  amplitudes  of  surface  waves  and  bedy  waves  corres¬ 
ponding  to  certain  magnitude  siesmic  events. 

The  ground  noise  measurements  are  from  Brune  and  Oliver  (1958), 
Haubrich  (1967),  and  Haubrich  (1970).  They  show  a  sharp  peak  in 
ground  noise  at  periods  near  6-8  seconds  (storm  microseisms)  with 
noise  sharply  decreasing  to  longer  and  shorter  periods.  There  is  a 
minimum  in  noise  near  25-40  seconds  period  and  then  a  sharp  rise  to 
longer  periods.  Beyond  periods  of  20  seconds  these  ground  amplitudes 
were  computed  from  the  noise  spectral  density  curves  of  Haubrich 
(1970)  assuming  arecording  band  width  of  172  eph,  the  approximate 
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bandwidth  of  the  instruments  first  used  to  study  the  noise  in  this 
period  ranite  (Pomeroy,  et  al,  1969).  This  longer  period  noise  is 
apparently  not  of  the  propagating  wave  type  (as  for  periods  less 
than  21  seconds),  but  is  presumably  related  to  atmospheric  effects 
(llaubrich,  1970).  Superimposed  on  the  noise  figure  are  ground 
amplitudes  for  various  magnitude  events  at  6  ■  30*  as  defined  by 
the  mb  and  Me  magnitude  definitions  (Richter,  19S8).  Also  shown  is 
the  average  fundamental  mode  surface-wave*ground  amplitude  expected 
at  A  ■  30*  for  a  double  couple  strike  slip  point  source  located  at 
depths  of  0  and  10  km  with  a  moment  of  10*2  dyne  cm  (corresponding 
to  M5  «  2.5).  This  curve  was  estimated  using  the  numerical  surface 
wave  excitation  results  of  Harkrider  (1970)  for  a  shield  structure. 

The  main  point  of  interest  in  Figure  1  is  the  minimum  in  seismic 
noise  which  occurs  at  a  period  of  about  30  seconds.  Because  ground 
amplitudes  of  seismic  waves  from  events  with  depth  ~  10  km  do  not 
vary  as  rapidly  with  period,  the  minimum  is  also  a  maximum  in  signal- 
to-noise  ratio  for  these  events.  For  very  shallow  events  the  ampli¬ 
tudes  near  20  seconds  period  are  higher  and  signal-to-noise  ratio 
is  nearly  constant  between  20  and  40  seconds. 

Given  SO  good  long  period  stations  distributed  around  the  world, 
what  sort  of  detection  and  identification  capability  might  we 
ultimately  expect?  As  a  result  of  previous  studies  three  possible 
discrimination  criteria  are  suggested: 

1.  Use  of  the  complex  radiation  pattern  expected  for  earthquakes. 

2.  Use  of  the  excitation  of  long  period  waves  relative  to  waves 
of  about  1  second  period  (which  also  have  a  high  signal-to-noise  ratio, 
see  Figure  1),  e.g.,  versus  m^^,  AR  versus  m^^. 

3.  Use  of  the  slope  of  the  surface-wave  spectrum  in  the  period 
range  20-50  seconds. 

To  make  use  of  the  complex  radiation  pattern  of  earthquakes, 
surface  waves  or  body  waves  have  to  be  clearly  recorded  at  least 
2  separate  azimuths  to  verify  the  existence  of  a  node  in  the  radiation 
pattern  or  a  shift  in  phase.  In  practice  several  more  observations 
would  generally  be  necessary  to  confirm  that  an  event  did  not  have 
explosion- like  symmetry.  From  Figure  1,  we  see  that  for  distances 
A  >  30*  events  of  magnitude  Me  less  than  about  2.5  would  not  be 
recorded  above  noise  level.  Thus  with  a  large  number  of  stations 
near  30*  distance  covering  a  large  azimuth  range  around  the  source 
it  would  be  possible  to  identify  earthquake  like  radiation  patterns 
for  events  as  small  as  Mg  ~  3.0.  If  large  arrays  are  used  this  limit 
might  be  lowered  to  Mg  <  2.5. 

The  second  criteria  listed  above,  namely  the  ratio  of  long  period 
waves  to  short  period  waves  (Mg  vs  mb,  AR  vs  mb)  could  also  be  applied 
to  these  small  magnitudes. 

The  third  criteria  listed  above,  the  slope  of  the  spectrum  near 
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30  seconds  period,  requires  reliable  above-noise  recording;  over  a 
wide  enough  frequency  range  to  establish  a  characteristic  slope; 
this  might  be  difficult  to  apply  for  events  with  -  3.0. 

With  this  brief  general  discussion  of  the  situation,  I  will 
list  a  few  special  problems  which  need  further  study. 

Time  function  for  explosions 

It  is  remarkable  that  after  so  many  years  of  research  under  the 
Vela  Uniform  program,  there  is  still  uncertainty  about  the  source 
time  function  for  explosions.  Should  explosions  be  represented  by  a 
step  function  of  pressure  on  a  cavity?  an  exponential?  an  impulse? 
a  combination  step  function  with  exponential?  Good  broad-band  high 
dynamic  range  recorders  (digital)  operated  at  varying  distances 
from  explosive  sources  should  quickly  provide  concrete  information. 
This  has  relevance  to  explaining  the  spectral  shapes  at  long  periods 
(20-50  sec)  and  to  explaining  the  relatively  low  excitation  of  long- 
period  waves  (especially  surface  waves)  by  explosions. 

Spectral  shapes  between  20  and  SO  seconds 

Molnar  et  al  (1970)  have  suggested  that  the  ratio  of  20  second 
to  SO  second  amplitudes  of  fundamental  mode  Rayleigh  waves  is  a 
discriminant.  This  needs  to  be  tested  using  more  data  and  an  adequate 
explanation  of  this  spectral  ratio  needs  to  be  confirmed.  Special 
study  needs  to  be  made  of  the  source  time  function  and  of  the  effect 
of  source  depth  on  this  ratio. 

Regional  and  depth  variations  in  surface  wave  excitation,  source 
dimensions,  stress,  stress  drop,  and  source  mechanism 

In  certain  regions  or  at  certain  depths  earthquakes  excite  only 
very  low  amplitude  long  period  waves  (particularly  surface  waves)  and 
discrimination  of  earthquakes  may  be  difficult.  In  such  regions  stress 
or  stress  drops  may  be  relatively  large  or  source  conditions  may  be 
different.  A  detailed  study  of  the  near-source  spectra  of  such  earth¬ 
quakes  needs  to  be  made  so  that  the  nature  of  regional  variations  in 
spectra  is  understood. 

Propagation  effects,  attenuation,  scattering 

One  of  the  main  difficulties  in  using  the  complex  radiation 
patterns  of  earthquakes  as  a  discriminant  is  the  complex  effects  of 
propagation  on  surface  waves.  Diffraction,  reflection,  scattering 
and  multiple  travel  paths  lead  to  complicated  surface  wave  trains. 

In  principle  these  effects  may  be  taken  into  account;  in  practice 
the  necessary  detailed  knowledge  of  variation  in  crustal  structure 
may  be  difficult  to  achieve. 


-3- 


»it  situl  (t°ii|Uii« 1 of  tftkiiii;  full  iiUvoiitiijiio 

of  ilio  ^roiiml  lioi^o  »«hiii\iiio«  no^r  40  !»ocoml!$,  it  isliotild  ho  posisiihio 
Uisiot ipliisiio  Oitt frofi\)  oi^plos^iotiii  ai  niij^nitiiUo^  ^  ol.O. 
lii^oripin.it  toil  ^oitki  iiivolvo  idotiti  f  io^t  ion  of  on  oortlM|iiiiko>  I  iko 
todioiion  potiotti,  li^iti.^  fdiojio,  5i8\ij»l i tiidis  iiiul  !»|H*otrol  i^liopo.  I^iili 
ioohiii(|«iosi  to  t'odiico  loh^  (ooriod  itols^o  iho  iisiii  »iii;lit  ho  ojttondod 
to 


to 


llriino,  J.  unci  Oliver,  IUS9,  The  seismic  noise  of  the.'  c.irtli's 
siirhice,  Hull.  Seism.  Soc.  Amcr.,  v.  49,  4,  p.  .>49. 

Ilurkrider,  D.G.,  (in  press).  Surface  waves  in  mult  i  •  lave tlmI 

elastic  media  No.  2;  higher  mode  spectra  and  spectral  ratios 
from  point  sources  in  plane- layered  earth  models,  Hull.  Seism. 
Soc. 

Ilaubrich,  K.,  1967,  Microscisms,  Intern.  Dictionary  of  Ceophys ics , 
Pergamon  Press  l.td.,  I.ondon,  Hngland. 

Ilaubrich,  K.,  1970,  Seismic  noise  between  2.5  and  200  cycles  per 
hour.  Air  Porcc  Office  of  Scientific  Research  report. 

Molner,  et  al,  1969,  Small  earthquakes  and  explosions  in  western 
North  America  recorded  by  new  high  gain,  long  period  seismo¬ 
graphs,  Nature,  v.  224,  p.  1268. 

Pomeroy,  P.N. ,  Hade,  G.,  Savino,  .1.,  and  Chancier,  K.,  1969,  Prelimi¬ 
nary  results  from  high-gain  wide-hand  long-period  electromagnetic 
seismograph  systems,  dnurn.  Gcoph.  Res.,  v.  74,  12,  p.  3295. 

Richter,  C.i*.,  1958,  Hlemcntary  seismology,  K.ll.  Preeman  and  Co., 

San  Francisco. 


Figure  1.  Seisnic  wave  and  ground-noise  anplitudes  plotted 
versus  period. 


SOURCn  UIMliNSIONS  OF  NUCLFAR  liXPLOSIONS 
AND  SMALL  SHALLOW  LARTHQUAKOS 


By 

M.  Wyss^ 

J.  N.  Brunc^ 
T.  C.  Hanks’ 
B.  K.  Tucker^ 


^Institute  of  Geophysics  and  Planetary  Physics, 
La  .lolla,  California 

’’California  Institute  of  Technology, 

Pasadena,  California 


ABSTRACT 


Recent  studies  indicate  that  source  dimensions  of  small  earth¬ 
quakes  are  about  ton  times  larger  than  those  of  explosions  of  the 
same  local  magnitude.  Since  this  difference  is  associated  with 
differences  in  the  seismic  spectra,  explosions  and  earthquakes  within 
the  magnitude  range  studied  can  in  principle  bo  discriminated  on  the 
basis  of  seismic  recordings. 


INTRODUCTION 

It  is  difficult  to  measure  the  source  dimensions  of  small  earth¬ 
quakes  since  they  usually  do  not  produce  obvious  surface  breaks. 
Recently,  the  surface  breaks  of  two  relatively  small  magnitude  earth¬ 
quakes,  the  Parkfield  (Brown  and  Vedder,  1967)  and  the  Imperial 
(Brune  and  Allen,  1967)  earthquake,  have  been  documented.  Botli  events 
were  associated  with  the  San  Andreas  fault  system  and  had  larger 
source  dimensions  than  would  have  been  expected  on  the  basis  of 
extrapolations  from  larger  magnitude  data.  Combining  field  observa¬ 
tions  with  analysis  of  seismic  waves  Wyss  and  Brune  (1968)  suggested 
relatively  large  source  dimensions  for  seven  Parkfield  aftershocks 
with  local  magnitudes,  Mj^,  between  3  and  5. 

For  earthquakes  which  do  not  rupture  the  surface  but  are  large 
enough  to  produce  a  distinct  aftershock  sequence,  the  source  dimensions 
can  be  estimated  from  the  aftershock  distribution.  Liebermann  and 
Pomeroy  (1970)  have  summarized  this  kind  of  data  for  Ml  >  4.5.  They 
found  that  between  magnitudes  4.5  and  6.0,  the  fault  dimensions  fell 
between  the  earlier  curves  for  large  magnitudes  and  the  curve  of  Wyss 
and  Brune  (1968). 

For  explosions  and  earthquakes  alike,  the  source  dimensions  can 
be  estimated  by  relating  the  peak  or  corner  frequency  to  the  source 
dimensions  (e.g.  Sharp,  1942;  Kasahara,  1957).  Smith  et  al  (1967)  and 
Schick  (1968)  have  estimated  the  dimensions  of  earthquakes  with  Ml  ~ 
0.75  and  Ml  =  2.5  respectively,  using  the  amplitude  spectra  of  body 
wrves.  The  dimensions  they  found  agree  with  the  length-magnitude 
relation  for  small  earthquakes  obtained  by  Wyss  and  Brune  (1968).  Many 
investigators  have  deducted  equivalent  source  dimensions  for  explosions 
from  the  shape  of  amplitude  spectra,  their  results  collected  from  the 
literature  are  given  in  Table  I. 

The  best  way  to  see  the  difference  in  the  amplitude  spectra  of 
explosions  and  earthquakes  is  of  course  to  compare  the  spectra.  The 
spectra  are  not  generally  available  but  two  parameters  that  approxi¬ 
mately  describe  the  spectra  are  available,  the  magnitude  and  the  source 
dimension  or  corner  frequency.  If  we  plot  source  dimensions  against 
magnitude,  we  essentially  compare  the  turn  (or  peak)  frequency  as  a 
function  of  the  level  of  the  amplitude  spectrum  at  the  frequency  at 
which  the  magnitude  is  obtained. 


DATA 


In  this  summary,  wc  collected  existing  data  on  source  dimensions 
of  oartliquakes  and  underground  nuclear  explosions  and  added  32  new 
fault  longtlis  for  earthquakes  with  0.75  <  <  5.2.  Almost  all  of 

tliese  source  dimensions  wore  estimated  from  the  corner  frequency  of 
S-wave  amplitude  spectra.  Tlie  way  the  data  were  obtain  will  be 
described  in  detail  in  three  shortly  forthcoming  publications. 

It  sliould  be  emphasized  that  we  have  not  assumed  that  the  local 
magnitude,  Mj ,  of  a  seismic  event  is  on  the  average,  equal  to  any  of 
tlie  body  wave  magnitudes,  mi^,  m^  or  m  (bvernden,  1967).  Liebermann 
and  I’omeroy  (1970)  have  assumed  that  =  mj!,  for  earthquakes.  We  have 
preferred  to  keep  our  data  liomogeneous  by  using  only  Mp,  magnitudes. 

I'Or  explosions  Mp  was  obtained  from  the  California  Institute  of  Tech¬ 
nology  seismic  array  except  for  the  two  explosions  outside  of  Nevada 
for  wliich  ini')  was  converted  to  Mp  using  tlie  formula  Mp  =  0.76  mi  +  1.38. 
Tliis  equation  was  obtained  from  a  comparison  of  Evernden's  (1967)  mft 
witli  M|_  measured  on  tlie  Caltech  array  for  47  Nevada  explosions. 


CONCLUSION 


Recent  studies  suggest  that  source  dimensions  of  small  earthquakes 
are  larger  than  those  of  explosions  (Wyss  and  Brune,  1968;  Brune,  1968; 
Liebermann  and  Pomeroy,  1970).  In  an  earlier  study,  Press  (1967)  esti¬ 
mated  that  earthquakes  and  explosions  had  approximately  equal  source 
dimensions.  His  estimate  was  based  on  assumptions  about  the  strain- 
energy  in  the  source  region,  --  in  particular,  he  assumed  a  100  percent 
stress  drop.  Recently,  however,  it  has  been  suggested  by  King  and 
Knopoff  (1968)  and  substantiated  by  Wyss  (1970)  that  stress  drop  is  an 
increasing  function  of  magnitude  and  can  be  very  small  for  small  earth¬ 
quakes.  The  overestimate  of  the  stress  drop  at  small  magnitudes  leads 
to  an  underestimate  of  the  fault  dimensions. 

In  Figure  1,  all  the  presently  available  source  dimensions  of 
seismic  events  with  known  <  6  are  plotted.  All  these  small  shallow 
earthquakes  have  larger  source  dimensions  than  explosions  of  the  same 
local  magnitude  The  earthquakes  with  the  shortest  dimensions 
(Hanks  and  Brune,  1970;  and  Ryall  et  al,  1968)  were  located  in  regions 
which  characteristically  exhibit  relatively  great  high  frequency  excita¬ 
tion  and  might  be  inferred  to  be  under  comparatively  high  stress  (Wyss, 
1970).  Some  of  the  shocks  with  small  dimensions  (Hanks  and  Brune,  1970; 
McEvilly,  1966)  were  located  at  depths  between  10  and  20  km  and  could 
possibly  be  excluded  as  nuclear  blasts  on  these  grounds.  For  some 
other  shocks  with  small  dimensions,  no  depth  determination  was  available. 
It  is  possible  that  particular  regions  could  produce  high  stress  or 
high  stress  drop  earthquakes  with  dimensions  of  the  size  Press's  (1967) 
theoretical  curve  predicts,  i.e.,  comparable  to  explosions.  More  de¬ 
tailed  regional  studies  of  earthquake  source  dimensions  are  needed  to 
clarify  this  possibility. 

We  conclude  that  recent  data  indicate  explosions  and  small  shallow 
earthquakes  of  the  same  magnitude  in  general  differ  in  source  dimen¬ 
sions  by  approximately  a  factor  of  10  and  can  therefore,  in  principle, 
be  discriminated  on  the  basis  of  seismic  spectra  as  well  as  radiation 
pattern.  The  actual  feasibility  of  such  discrimination  of  course  depends 
on  the  conditions  imposed  on  the  data  available. 
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TABLE  1 


SOURCE  DIMENSIONS  OF  UNDERGROUND  EXPLOSIONS 


Event 

■i 

L  »  2r  (km) 

Nllrow 

6.3 

— 

2.5** 

Bilby 

5.61* 

5.6 

0.84® 

Shoal 

4.6* 

4.6 

0.7*  -  1.2* 

Haymaker 

4.52* 

4.49** 

0.8* 

Salmon 

4.35** 

4.66 

0.35*,  >0.3*** 

Gnome 

4.27* 

4. 58 

0.6* 

Sedan  (crater) 

4.15* 

4.6 

0.4  -  1.0* 

Hardhat 

4.15* 

4.45** 

0.544*  -  0.91* 

Rainier 

4.1^ 

4.4 

0.22*.  0.6^°,  0.8^* 

Fisher 

3.45' 

4.27** 

0.36* 

1  Romney  (1959)  W  Hldcman  and  Major  (1967) 

2  Evernden  (1967)  15  Hcrth  and  Randolph  (1966) 

3  Worth  and  Herbst  (1963) 

4  Bruns  et  al  (1963) 

5  Toksoz  et  al  (1964) 

6  Healy  et  al  (1970) 

7  Toksoz  et  al  (1965) 

6  Davies  and  Smith  (1968) 

9  Archambeau  and  Sammis  (1970) 

10  Press  (1967) 

12  Wyss  et  al  (1971) 

13  Archambeau  (1965) 


DHDUCTION  OF  SEISMIC  SOURCE  PARAMETERS 
FROM  LONG  PERIOD  WAVES 


By 

W.  Stauder 
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The  remarks  which  I  have  to  make  in  comment iu|'  on  or  enlar^hiK 
upon  the  presentation  by  the  Chairman  pertain  to  two  applications  of 
data  from  ]on(>  period  waves  in  deducing  seismic  source  parameters.  The 
first  of  these  refers  to  the  use  of  P  wave  amplitude  data,  and  is 
readily  applicable  to  data  from  WWSSN  or  other  conventional  stations. 
The  second  refers  to  the  application  of  spectral  ratios  of  direct 
surface  waves  at  pairs  of  stations,  and  is  particularly  appropriate 
for  the  use  of  di(>ital  data  from  a  world  array  of  10-12  Iodk  period 
stations.  These  topics  are  taken  up  in  turn  in  the  pages  wliicli  follow. 


Ali  fiDPlicatioii  or  I*  wavo  statioiiary  ohaso  approx  i  mat  ion  in 
determining  source  parameters  hy  cqunli sation  nrocoduro.s 

A  .stimulus  for  the  use  of  P  wtive  ninplitude  duta  hi  determining 
source  parameters  arises  from  the  personal  observation  of  similarity 
of  wave-form  of  the  P  wave  from  station  to  station  for  a  given 
earthquake  and  of  the  diminishing  of  amplitude  of  the  initial  P  wave 
at  stations  which  after  analysis  and  comparison  of  all  the  data  are 
shown  to  he  near  nodal  lines.  This  personal  experience  was  made  more 
objective  in  a  study  by  Nuttli  (Nnttli  and  (iudaitis,  1U66). 

Nuttli  measured  the  amplitude  of  the  first  half-cycle  ot  the  P 
wave  at  numerous  stations  for  the  Kodiak  Island  earthquake  of 
February  6,  1P64.  These  amplitude  data,  corrected  only  for  instru¬ 
mental  response,  arc  shown  in  Figure  1.  The  scatter  in  the  data  is 
considerable. 

The  fault  plane  solution  of  the  particular  earthquake  is  known 
(Stauder  and  Itollinger,  lU66j.  The  theoretical  P  wave  amplitude 
radiated  hy  a  double  couple  point  source  in  u  homogeneous  medium  is 
given  by  the  relation 

“p  ■  Tip  <•) 


where  p  is  the  density,  u  the  P  wave  velocity,  K  distance  along  the 
ray,  K(t)  the  source  time  function,  and  x  and  y  the  space  coordinates 
of  an  observing  point  with  respect  to  the  mechanism  axes.  Nuttli 
corrected  the  observed  amplitudes  by  dividing  hy  the  factor  xy  appro¬ 
priate  to  each  station. 

The  results  are  shown  in  Figure  2.  The  character  of  the  symbols 
in  the  figure  is  related  to  the  distance  of  a  point  from  a  nodal  line, 
or,  equivalently,  to  the  magnitude  of  the  factor  xy.  It  is  noted 
that  the  scatter  is  considerably  reduced,  with  the  exception  of  a 
few  points  for  which  values  of  xy  are  less  than  0.1,  i.e.,  points 
near  nodal  lines.  By  perturbing  the  mechanism  solution  by  only  a  few 
degress  in  the  dip  and  dip  directions  of  the  nodal  planes,  a  solution 
was  obtained  for  which  even  these  exceptions  disappeared  and  for 
which  the  residuals  in  observed  versus  calculated  amplitudes  were  a 
minimum. 

The  final  solution  obtained  in  this  way  is  shown  in  Figure  3. 

The  line  drawn  on  the  figure  is  the  amplitude  variation  expected 
from  geometric  spreading  only,  based  on  the  Jef frey-Bullen  P  wave 
travel  time  curve  for  O.OOK.  The  correspondence  between  the  observed 
amplitudes  corrected  for  focal  mechanism  and  the  theoretical  ampli¬ 
tudes  is  good.  One  may  conclude  that  the  chief  factor  in  the  scatter 
of  P  wave  amplitude  data  is  the  effect  of  tlie  radiation  pattern  at 
the  source. 


These  observations  sii^'Kcst  the  possibility  of  socking  a  focal 
iiiecliaiiisiii  soliitio.i  for  which  some  quantity,  say  the  variance,  S,  of 
the  obsurvod  versus  computed  aiiiplitudos  is  a  minimum,  whore 

N  2 

is  I  ’  ''ica  Ic  ^ 
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In  principle  this  is,  of  course,  a  well  ostabiisheU  technique,  that 
of  the  body-wave  equalization  procedure  which  was  proposed  hy  Bon- 
Menaiiem  et  al  (I'dbS)  and  has  been  applied  to  n  number  of  earthquakes 
(Teng  and  Kcn-Menahem,  1!)65;  Heii-Mcnahem  ot  al,  1U68;  Khattri,  1969). 
In  a  recent  paper  Chandra  (1970)  has  further  applied  the  method  of 
equalization  of  P  wave  spectral  amplitudes  to  determine  the  focal  ° 
mechanism  of  five  earthquakes,  and  has  compared  the  results  with 
solutions  from  the  first  motion  of  P  and  from  the  polarisation  of  the 
S  wave,  lie  found  close  agreement  in  the  solutions  determined  inde¬ 
pendently  by  the  three  procedures. 

In  the  application  here  proposed,  however,  there  is  question  not 
so  much  of  the  spectral  amplitudes  of  P  equalised  to  the  source  as  of 
the  amplitude  of  the  first  half-cycle  of  the  P  wave  observed  in  the 
tine  domain.  That  is,  the  amplitude  of  the  first  half-cycle  of  the 
P  wave  is  considered  to  represent  the  spectrum  of  the  wave  at  the 
predominant  period  of  the  P  wave.  This  is  a  stationary  phase  approxi¬ 
mation.  Tong  and  ficn-Mcnahem  first  used  the  term  in  this  connection 
and  applied  the  stationary  phase  approximation  technique  to  the  Sll 
waves  of  the  Panda  Sea  earthquake  (Teng  and  Ben-Menahem,  196S). 
Chandra  (Teng  and  Uen-Menahem,  1965).  Chandra  (19'’0b)  has  applied 
the  sane  technique  systematically  to  the  P  waves  for  a  group  of  eight 
earthquakes,  lie  found  that  the  stationary  phase  solutions  agreed 
with  solutions  previously  determined  by  cquali^^ation  of  the  P  wave 
spectra, 

A  stationary  phase  approximation,  since  it  utilizes  only  the 
first  lialf-cycle,  or  event  the  first  quarter  cycle  (P  wave  onset 
to  first  peak  or  trough)  may  be  considered  to  sample  the  direct  P 
arrival,  uncontum inated  hy  converted  waves  in  the  crust  beneath 
the  stations  or  in  the  neighborhood  of  the  source.  It  is  potentially 
applicable,  tliereforc,  to  shallov'  focus  earthquakes  as  well  as  to 
tljc  isolated  signals  of  I’  waves  from  deep  focus  shocks. 

bvcii  after  equalization  to  the  source,  P  wave  amplitudes  will 
vary  in  absolute  value  depending  upon  the  magnitude  of  the  earthquake 
In  order  to  compare  equalized  amplitudes  to  calculated  amplitudes  a 
normalizing  factor  must  be  introduced.  For  this,  following 
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Jurosch  (1968),  wo  lot 


^lohS  ’  ^  *'lCHCl  *  ®1 

wlicro  is  the  observed  umplitude  Ht  the  itii  station 

A|Oalc  is  the  caiculated  iimpl  i  tiide  <is  }*iven  by  oquation  III 

k  is  <1  constant  to  bo  determined 

0|  is  tbo  error  in  the  ith  observation. 

in  order  to  minimize  the  sum  of  the  squares  of  the  errors,  e.,  we 
choose  k  so  that  ' 

^  ^  *^ioh8  ^Hcalc 
^  '^icalc  ''icalc 

A  value  of  k  may  bo  so  obtained  for  any  orientation  of  the  source 
axes,  hut  a  search  program  is  introduced  in  order  to  seek  that 
orientation  of  the  source  axes  for  which 

''iobs  ■  ''icalc^ 

- PJ - 


is  a  minimum.  A  best  fitting  solution  is  thus  obtained  in  a  iiiaaiiei' 
quite  analogous  to  the  procedure  proposed  by  Ben  Mcnahem  et  a  I  i  l<)6r>) 
in  the  equalization  and  comparison  of  spectral  ampl i tiules . 


An  illustrative  example,  and  a  presentation  of  the  results  in  a 
plane  other  tlian  the  geographic  plane,  may  help  to  summarize  l)oth 
the  method  and  a  limitation  common  to  all  equalization  tcchni(|ues. 
Figure  4  presents  tlie  conventional  P  wave  first  motion  and  S  wave 
polarization  mechanism  solutions  for  a  Hokkaido  earthquake  of 
October  25,  1965.  It  is  noted  that  the  azimuthal  coverage  of  stations 
about  the  epicenter  is  rather  good,  and  that  one  nodal  plane  is  well 
determined  jy  the  P  wave  first  motion.  The  positions  of  hotli  nodal 
planes  may  be  fixed  by  a  best  fit  to  the  S  wave  polarization  data. 


In  order  to  apply  the  equalization  of  the  amplitudes  to  tlie 
focal  sphere  by  the  stationary  phase  approximation,  the  amplitudes 
and  periods  of  the  first  half-cycle  of  the  P  wave  were  determined 
at  25  stations.  These  observations  were  then  equalized  to  the  source 
by  taking  into  account  the  effect  of  the  instrument  and  of  the  crust, 


!iihl  Ity  compciisatiiiK  i'or  |•oomotl’ic  sproadiii}*  and  absorption  in  the 
m.intle.  The  results  of  the  search  program  are  displayed  in  IMgure  5. 
Ihe  observed  equal Ued  amplitudes  are  presented  on  the  left,  the 
walcu.’ited  amplitudes  for  the  best  fitting  orientation  of  the  focal 
axes  on  the  right. 

As  has  been  pointed  out  by  users  of  this  technique,  the  graphs 
0)  figure  S  arc  a  two  dimensional  presentation  of  what  in  reality 
loS  a  three  dimensional  figures;  the  irregularities  of  the  amplitude 
diagrams  are  a  function  not  of  asimiithal  dependence  but  of  difference 
ill  the  take-off  angle  at  the  source,  b'or  example.  Figure  6  shows  the 
variation  in  amplitude  as  a  function  of  asimuth  corresponding  to  the 
greatest  and  to  the  least  take-off  angle  for  the  particular  observa¬ 
tions  used  in  the  examination  of  this  earthquake.  While  either  curve 
is  smooth,  It  is  readily  soon  that  if  rays  corresponding  to  different 
taKe*off  angles  are  plotted  on  a  polar  graph  a  quite  irregular  figuie 
can  result.  Hence  the  star-like  siiape  of  the  observed  and  calculated 
anpli  tilde  plots. 

While  for  surface  waves  it  is  necessary  to  present  a  radiation 
pattern  in  a  geographic  plane,  this  does  not  seem  to  be  necessary, 
or  even  of  particular  advantage,  for  the  reduction  and  presentation 
g|  body  wave  amplitude  data.  A  presentation  in  terms  of  the  focal 
axes  may  be  raorc  instructive. 

In  terms  of  spherical  coordinates  referred  to  the  source  axes, 
the  amplitude  of  the  P  wave  on  the  surface  of  a  sphere  of  radius  R 
e(|uation  (1)  i<  given  by 


u 


P 


1 

sin“0  sir  gt  .  R 

47100 -*11  ^ 


(e) 


where  is  measured  in  the  xy  plane,  or  in  the  plane  of  the  forces, 
aiul  0  is  measured  from  the  Z  or  b  (null)  axis.  The  variation  with 
is  the  familiar  four- lohed  P  wave  radiation  pattern.  Roth  and  0 
are  readily  related  to  the  azimuth  and  take-off  angles  of  a  given  ray 
through  the  direction  cosines  of  the  mechanism  axes  relative  to  the 
geographic  axes.  The  amplitude  along  a  ray  making  an  angle  6  may  in 
turn  be  reduced  to  the  amplitude  of  a  ray  leaving  a  source  of  the  same 
strength  at  an  angle  9  =  Tr/«  by  dividing  the  observed  amplitude  by 
sLn^0.  In  this  way  the  radiation  pattern  is  reduced  to  the  xy  plane 
or  pl.iiie  of  the  forces.  Or,  equivalently,  one  view  the  radiation 
pattern  from  the  H  axis,  looking  toward  the  xy  plane. 

Figure  7  presents  the  amplitude  data  of  the  Hokkaido  earthquake 
in  this  fashion.  One  sees  immediately  the  effect  of  the  nodal  line 
and  tue  degree  of  closeness  of  fit  of  the  observed  P  wave  amplitudes 
with  the  calculated  amplitudes  for  the  orientation  of  the  focus 
selected.  One  sees  as  well,  and  more  graphically  than  in  other  pre¬ 
sentations,  the  limitation  in  the  distribution  of  data  over  the  focal 
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sphere,  liven  with  good  geographic  distribution  of  observations,  the 
data  points  are  spread  over  barely  a  quarter  of  the  xy  plane  covers 
several  quadrants  (strike  slip  faulting  in  a  vertical  plane)  a  pre¬ 
sentation  ns  in  Figure  7  may  serve  to  identify  the  plane  of  faulting 
and  the  direction  rupture  propagation;  the  lobes  will  be  asymmetric, 
enlarged  in  the  direction  of  the  rupture. 

A  final  reference  to  the  quaf^tity  k  determined  above  (equation  (4)). 
If  we  let  J  be  an  average  value  of  the  amplitude  on  the  focal  sphere, 
then 


^obs  *  ^  \^lc 
and  since 


M  “  *»»  *0b5 


we  have 

M  «  log 


or 

M  «  log  k  ♦  log 

The  value  of  is  obtained  by  the  relation 


^calc 


Thus  the  value  of  k  may  he  used  to  determine  a  magnitude  derived 
simultaneously  from  many  observations  of  the  P  wave  amplitude  and 
corrected  for  the  effect  of  the  radiation  pattern  of  the  source. 
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EARTHQUAKE  OF  FEB.  6,  1964 
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FUgure  5.  jXnplitiidc  of  first  half-cycle  of  the  P  wave  corrected 

for  adjusted  focal  mechanism.  Solid  line  is  the  amplitude 
expected  on  the  basis  of  the  .leffreys-Bul  len  travel  time 
tables. 


SOURCl-  PARAMI-TERS  OF  EARTHQUAKES  FROM 
SPECTRA  OF  RAYLEIGH  WAVES 


By 

A.  Udias 


Saint  Louis  University 


LENGTH  OF  FAULT  AND  VELOCITY  OF  RUPTURE 

Ben-Menahem  (1961)  has  developed  the  expressions  for  the  far 
field  displacements  of  Rayleigh  waves  radiating  from  a  propagating 
fault  of  finite  dimensions.  The  model  of  the  fault  is  a  surface  of 
length  b  and  width  d.  The  propagating  fracture  is  represented  by  a 
point  source  propagating  along  the  b  dimension  with  a  velocity  v  and 
radiating  energy  as  it  propagates.  For  a  vertical  strike-slip  fault 
and  a  propagating  double  couple  the  displacement  of  the  vertical 
component  of  the  Rayleigh  wave  is  given  by 


where 

*R  ■  Cf 


U«(u>)  -  g  (u)  ^ 


sinX 


The  effect  of  the  finite  dimensions  is  included  in  the  factor 
Xn(u,e).  To  isolate  this  factor  Bcn*Menahcm  defined  the  directivity 
function,  D,  as  the  ratio  of  the  spectral  amplitudes  of  the  surface 
waves  corresponding  to  waves  leaving  the  source  in  opposite  directions. 

uJtO)  sinZ^(e)  X^(e^ir) 

2 


Since  the  only  factors  which  depend  on  e  in  equation  (1)  arc  sin 
Xg/Xg  and  sin  6,  wc  can  generalize  the  expression  for  the  directivity 
to  be  the  ratio  of  the  spectral  amplitudes  at  two  stations  corresponding 
to  rays  leaving  the  source  with  an  arbitrary  angle,  a,  between  them. 

Thus 


0 


a 


C  C 

ujc0)  sin{j|t(-^  -  coisO)){-l  -  cos(0^a))sjn2e 

7R— "  c  '  "  C ' 

sin(ffe^(-^  -  C05(9*tt)))(-;r  -  cosO)sin2(04T!) 

l-D  V  V 


Minima  in  this  function  occur  at  zeros  of  the  numerator,  that  is,  at 
x’alues  of  the  argument  of  the  sine  (unction 


(  V,) 
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-  COS0)  =  nil,  n  =  0,  1,  2,  .... 

Ur  V 


Maxima  occur  at  zeros  of  the  denominator. 


[-^  -  cos(9*a)J  »  nit,  n  «  0,  1, 
R 


or  for 

2 ,  •  •  •  • 


The  values  of  the  frequency  at  which  either  maxima  or  minima  occur 
can  be  used  to  determine  the  fault  length  b.  For  example,  for  the 
first  order  extrema 


'R 


^max^-r  •  COSO ♦0)1  f, 


min 


(-i  -  cos6) 


(5) 


The  directivity  function,  I),  as  defined  originally  (equation  (1)) 
was  used  with  R  or  G  waves  of  consecutive  order  recorded  at  the  same 
station.  This  procedure  minimizes  the  sources  of  error,  but  reduces 
the  use  of  the  method  to  earthquakes  sufficiently  large  to  generate 
return  surface  waves  or  waves  which  circle  the  earth  more  than  once. 

In  theory  nothing  prevents  using  direct  Rayleigh  or  Love  waves 
recorded  at  different  stations  distributed  at  arbitrary  but  differing 
azimuths  about  the  epicenter.  In  this  event  the  more  general  directivity 
function,  Dc,  (equation  (4))  applies.  Allowance  must  be  made,  of  course, 
for  differences  in  opiccntral  distance,  path  of  propagation,  etc.  This 
procedure  makes  it  possible  to  apply  the  method  to  earthquakes 
smaller  than  M  ■  7. 


The  advantage  of  applying  the  more  generalized  expression  for 
the  directivity  is  that  stations  can  be  selected  at  which  the 
Rayleigh  waves  arc  well  recorded  without  the  constraint  of  being 
180"  apart  in  azimuth.  Since  the  directivity  function  is  normalized, 
the  amplitudes  in  the  spectral  ratios  must  he  reduced  to  a  common 
distance.  This  is  done  through  the  equation 


sini,  *'2 


(6) 
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As  an  example,  the  method  here  proposed  is  applied  to  the 
Aleutian  Island  earthquake  of  July  4,  1966.  The  two  nodal  planes 
of  P  are  assumed  to  be  known,  and  are  taken  from  Stauder  (1968' 

Figure  1  shows  the  orientations,  AA'  and  BB' ,  of  those  planes  t  ' 
also  indicates  the  stations  and  their  distribution  about  the  so^.cc 
at  which  the  direct  Rayleigh  waves  were  used  in  the  analysis.  The 
Rayleigh  waves  at  these  stations  were  digitized  ami  a  Fourier  analysis 
made  of  the  digitized  data.  In  this  process  care  must  be  taken  to 
select  a  suitable  time  window,  for  it  is  important  to  exclude  from 
the  analysis  any  interference  from  later  arrivals,  lateral  refractions, 
etc. 

Given  the  spectra,  as  many  combinations  as  possible  of  spectral 
ratios  are  formed.  By  application  of  equation  (5),  *“'peated  from 
above 


b  = 


‘maxtV  ■ 


-  COS6) 

min ' V  ^ 


(5) 


a  value  of  b  can  be  obtained  from  the  first  maximum  or  first  minimum 
of  any  one  of  these  spectral  ratios.  In  so  doing  it  is  necessary  to 
assume  a  value  of  v,  the  velocity  of  rupture.  In  fact,  when  using 
only  the  amplitude  portion  of  the  spectra  there  is  no  independent 
way  of  detf.rmining  the  fracture  velocity,  v.  However,  if  many  ratios 
are  used  for  the  calculation  of  b,  we  may  assume  different  values  of 
V  and  from  these  select  that  v  which  gives  the  least  standard  error 
for  the  mean  value  of  b.  In  this  manner  we  obtain  a  simultaneous 
estimate  of  both  b  and  v. 

A  by-product  of  the  method  when  a  sufficient  number  of  stations 

around  the  epicenter  are  used  is  the  determination,  through  the 

proper  choice  of  0  of  the  plane  of  faulting  from  the  two  nodal  planes 
and  the  direction  of  fracture. 

Figures  2  and  3  show  two  examples  of  the  spectral  ratios  for 
the  earthquake  of  July  4,  1966.  The  points  in  the  figures  are  obser¬ 
vational  values  of  the  spectral  ratio  for  the  pairs  of  stations 
indicated.  The  solid  lines  are  the  computed  directivity  function 
for  the  fault  length,  fracture  velocity,  and  direction  of  fracture 
assumed  for  the  best  fit  to  the  data.  While  there  is  some  variation 
in  the  observed  from  the  computed  spectral  ratio,  the  minima  and 

maxima  are  well  defined.  For  this  Aleutian  Island  earthquake  the  NS 

striking  plane  is  selected  as  the  plane  of  faulting,  with  the 
fracture  propagating  southward.  This  is  in  keeping  with  the  interpre¬ 
tation  of  this  earthquake  as  an  arc-arc  transform  fault. 

Figure  4  shows  a  similar  application  to  an  earthquake  in  the 
Azores.  The  focal  mechanism  was  determined  by  Sykes  (1967).  The 
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earthquake  is  strike-slip,  with  epicenter  on  a  fracture  zone. 

Seismic  moment 

The  seismic  moment  is  calculated  following  the  work  of  Aki  (1966) 
and  the  theoretical  results  of  Ben-Menahem  and  Harkrider  (1964)  from 
the  Spectral  amplitudes  of  the  vertical  component  of  the  Rayleigh 
waves  at  periods  sufficiently  large  that  the  point  source  approxi¬ 
mation  of  the  source  is  valid. 

Assuming  a  step  function  for  the  source  time  function  the  value 
of  the  moment  is  given  by 


|U(a))  I  (2Tir)^/^C„  e^^ 
M  =  - 2 - 

°  N^Jx(e)| 


(7) 
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U  ((jj)  is  the  spectral  amplitude,  r  the  distf>\nce,  y  the  attenuation 
coefficient,  Cj^  the  phase  velocity,  Nj.2  the  Rayleigh  wave  singlet 
transfer  function  and  x(9)  the  radiation  pattern  function  as  defined 
by  Ben-Menahem  and  Harkrider. 

For  the  earthquakes  studied  here  we  calculated  the  moment  at  two 
values  of  the  period,  100  and  50  seconds.  For  these  periods  the 
uncertainties  in  the  assumed  phase  velocity  and  attenuation  coefficient 
are  small.  The  results  are  giver,  in  Table  I. 

Stress  drop,  seismic  energy,  and  average  dislocation 


Values  for  the  stress  drop,  a,  and  average  dislocation,  w,  have 
been  found  from  the  above  determined  values  of  the  moment  and  fault 
length  using  the  relations 


0)  = 


i:  M 

0  _  o 

\IK  ~  ybd 


^  1 
^  =  7  -IT 


where 


w  = 
m 


(8) 

(9) 


(10) 


The  value  of  p  was  taken  as  3.3  x  lO"  and  the  fault  width  equal  to 
]0  km  for  the  Aleutian  earthquake  and  5  km  for  that  in  the  Azores. 
The  results,  again,  are  given  in  Table  I. 
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JULY  4,1966 


figure  1.  Orientation  of  nodal  planes,  AA\  BB*  and  azimuthal 

relation  of  stations  selected  for  su'rface  wave  analysis 
Aleutian  Island  earthquake  of  July'  4.',  1966. 
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Figure  Z.  Spectral  ratio  for  station  pair  ATU/AFI.  Plotted  points 
correspond  t©  observational  values,  solid  line  so  the 
theoretical  spectral  ratio  for  the  values  of  b  and  v 
indicated,  Aleutian  Island  earthquake  of  .lulv  1966. 


ICC  TM=2CC  CZO 


Figure  3.  Spectral  ratio  for  station  pair  ANP/BHP,  Aleutian  Island 
earthquake  of  July  4,  1966. 
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DIMENSIONS  OF  NUCLEAR  EXPLOSIONS  AND  SMALL 
SHALLOW  EARTHQUAKES 


By 

Max  Myss 
Janes  N.  Rrunc 


ABSTRACT 


It  is  shown  that  source  dimensions  of  small  shallow  earthquakes 
ire  an  order  of  naKnitude  larger  than  those  of  explosions. 


Hxplosioiis  and  earthquakes  can  be  discriminated  on  the  basis  of 
seismic  recording’s  if  their  source  diinens ions  or  source  tine  functions 
are  significantly  different.  If  we  can  demonstrate  that  the  source  dimen 

sions  are  different  for  equal  magnitude  events  between  nagnitnde  1 
and  S,  we  have  shown  that  in  principal  discr iininar.ion  on  the  basis  of 
spectral  shapes  is  possible  for  such  events.  For  two  reasons  such  a 
possibility  was  doubted.  Press  (11)67)  estimated  the  source  dimensions 
of  small  earthquakes  and  explosions  to  he  of  the  same  si:e.  Ilis  esti¬ 
mate  was  based  on  reasonable  assumptions  about  the  stra i n- energy  in 
the  source  region  and  in  elastic  waves.  However,  Press  has  assumed  a 
100  percent  stress  drop.  Recently  it  has  been  found  that  stress  ilrop 
is  a  function  of  magnitude  and  can  he  very  small  for  small  earthquakes 
(King  and  Knopoff  1968,  Kyss  1970).  The  overestimate  of  the  stress  drop 
leads  to  an  underestimate  of  the  fault  dimensions.  The  second  reason 
to  doubt  that  discrimation  for  sniall  explosions  was  possible  on  the 
basis  of  spectral  differences,  came  from  the  observation  that  it 
appeared  as  if  the  Ms  *  n|),  values  of  small  explosions  and  earthquakes 
converged  (Thirlaway  and  Carpenter  1966,  l.iehermann  and  Pomeroy,  1969). 
More  recently,  however,  it  was  found  that  no  such  convergence  took 
place  (Pasechnik  1968,  Hasham  1969,  Molnar  et  al  1969,  Lacoss  1969). 
Equivalent  source  dimensions  for  explosions  collected  from  the  litera¬ 
ture  are  given  in  Table  1.  The  local  magnitude  M|^  is  not  equal  to  the 
body  wave  magnitudt?  m^  or  mj^.  M|^  for  explosions  was  obtained  from 
Pasadena  records  or  estimated  on  "the  basis  of  m^  and  m^,.  (l-vernden 
1967)  in  order  to  compare  the  explosions  with  earthquakes  for  which 
only  lor'\l  magnitudes  are  available. 

On  this  basis  the  source  dimensions  were  compared  in  Figure  1. 

Most  of  the  source  dimensions  were  obtained  from  the  peak  or  turn 
frequency  of  seismic  spectra.  Figure  1  therefore  corresponds  to  a 
comparison  of  seismic  spectra.  For  some  of  the  larger  earthquakes  the 
dimensions  were  based  on  field  observations  or  aftershock  zones.  A 
more  complete  summary  of  the  latter  approach  including  shocks  with 
mjj  and  M|^  magnitudes,  is  given  by  Liebermann  and  Pomeroy  (1970). 

Figure  1  shows  clearly  that  all  studied  small  shallow  earthquakes 
have  larger  source  dimensions  than  explosions  in  accordance  with 
Wyss  and  Briine  (1968)  and  Liebermann  and  Pomeroy  (1970).  The  earth¬ 
quakes  with  the  shortest  dimensions  determined  by  Hanks  and  Brune 
(1970)  and  Ryall  et  al  (1968)  were  located  in  regions  under  com¬ 
paratively  high  stress  (Wyss  1970).  Some  of  the  shocks  with  small 
dimensions  by  Hanks  and  Brune  (1970)  and  McEvilly  (1966)  were 
located  at  depths  between  10  and  20  km  and  could  possibly  be  excluded 
as  nuclear  blasts  on  these  grounds.  For  some  other  shocks  with  small 
dimensions  no  depth  determination  was  available.  It  is  possible 
that  particular  regions  could  produce  high  stress  or  high  stressdrop 
earthquakes  with  dimensions  like  the  ones  surmised  by  Press  (1967), 
i.e.  with  dimensions  comparable  to  explosions.  More  detailed  regional 
studies  of  earthquake  source  dimensions  are  needed  to  clarify  this 
possibility. 
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The  smallest  nuclear  explosion  for  which  a  source  dimension 
was  available.  Sterling,  was  a  decoupled  event.  It  was  exploded  in 
the  cavity  produced  by  SalPvon.  The  magnitude  of  Sterling  is  approxi¬ 
mate  only.  However,  it  appears  that  it  would  be  possible  to  confuse 
this  event  with  an  earthquake  if  as  criterion  only  the  relative  source 
dimension  is  considered.  It  is  possible  that  the  source  time  function 
may  still  provide  a  discriminant  for  Sterling. 

It  is  concluded  that  explosions  and  small  shallow  earthquakes 
differ  in  source  dimensions  by  approximately  an  order  of  magnitude 
and  can  be  discriminated  on  the  basis  of  their  seismic  spectra. 
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TABLE  I 


SOURCE  DIMENSIONS  OF  UNDERGROUND  EXPLOSIONS 


Event 

•"b 

II 

B 

Milrow 

6.3 

•  •  • 

2.5^^ 

Bilby 

5.61^ 

5.6 

0.84® 

Shoal 

4.6^ 

4.8 

0.7^  -  1.2® 

Haymaker 

4.52^ 

4.49^ 

0.8^ 

Salmon 

4.35^^ 

4.6 

0.35^,  > 

Gnome 

4.27^ 

4.5^ 

0.6^ 

Sedan  (crater) 

4.15^ 

4.6 

o 

• 

1 

• 

o 

cn 

Hardhat 

4.15^ 

4.45^ 

0.54^  -  0.91^ 

Rainier 

4.1^ 

4.4 

0.22^,  0.6^®,  0.8^^ 

Fisher 

3.45^ 

4.27^ 

0.36^ 

Sterling  (decoupled) 

1.3^^ 

1.8 

0.06^ 

1 

Romney  (1959) 

8 

Davies  and  Smith  (1968) 

2 

Evernden  (1967) 

9 

Archambeau  and  Sammis  (1970) 

3 

Werth  and  Herbst  (1963) 

10 

Press  (1967) 

4 

Brune  et  al  (1963) 

11 

Evernden  personal  communication 

5 

Toksoz  et  al  (1964) 

12 

Wyss  et  al  (1971) 

6 

Healy  et  al  (1970) 

13 

Archambeau  (1965) 

7 

Toksoz  et  al  (1965) 

14 

Wideman  and  Major  (1967) 

15 

Werth  and  Randolph  (1966) 
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SOURCE  DEETIIS  PROM  SURFACE  WAVE 
SPECTRAL  RATIOS 

By 

David  G.  Ilarkrider 


Using  arguaents  based  on  the  reciprocity  thoorcras  of  Knopoff 
and  Gangi  (1959),  Aki  (personal  coamunicut ions,  1961)  realised  that 
the  vertical  surface  displacement  spectrun  of  fundamental  Itaylei^h 
waves  should  possess  a  zero  which  was  dependent  on  the  depth  of  a 
horizontal  force.  This  phenomenon  was  investigated  in  a  series  uf 
modal  experiments  (Aki  and  ilcaly,  personal  communications,  1902). 
liarkrider  and  Anderson  (1966)  noted  that  the  higher  mode  Kayleiv,h 
and  Love  waves  possess  depth  dependent  spectral  zeros  for  vertical 
as  well  as  horizontal  forces. 

One  of  the  difficulties  encountered  in  using  amplitude  spectra 
for  depth  determination  has  been  the  time-space  source  function. 

This  function  will  in  general  have  zeros  associated  with  the  fault 
displacement-time  function,  fault  dimensions  and  rupture  velocity. 

For  stationary  point  sources,  the  source  factor  can  be  eliminated 
by  dividing  the  spectra  of  different  arrivals.  This  division  elimi¬ 
nates  all  of  the  effects  of  distance  except  the  difference  in  unelustic 
absorption.  For  more  realistic  sources  complications  arise  which  will 
be  discussed  later. 

For  small  earthquakes,  the  departure  from  point  source  theory 
is  usually  negligible  for  periods  greater  than  20  seconds.  Tsai 
(1969)  found  that  the  assumption  that  the  source  is  a  point  in  space 
and  a  step  function  in  time  was  adequate  for  determining  the  focal 
depths  of  earthquakes  in  the  mid-ocean  ridges  with  magnitudes  6.0  or 
smaller.  The  depths  were  determined  from  the  shapes  of  the  Kuyle  igh 
wave  spectra  by  comparing  with  theoretical  spectra  from  a  vertical 
strike  slip  fault  with  a  step  function  rupture  in  time.  The  depth 
estimates  were  confirmed  by  observation  of  P  and  pP  phases. 

In  order  to  investigate  the  use  of  spectral  ratios  as  a  possible 
measure  of  source  depth,  we  have  evaluinted  the  ratio  of  various  surface 
wave  modes  as  a  function  of  period  and  depth.  The  calculations  arc 
for  a  double  couple  source  with  an  oceanic  propagation  path.  The 
orientation  of  the  double  couple  was  chosen  in  order  to  represent  the 
far  field  spectra  from  a  vertical  strike  slip  fault.  The  station 
azimuth  is  22.5”  from  the  fault  plane. 

The  ratio  zeros  and  infinities  for  this  double  couple  orientation 
are  determined  by  the  nodal  periods  in  horizontal  displacement  at  the 
source  depth.  Thus  the  spectra  of  each  higher  mode  has  one  mdre  zero 
than  the  next  lower  mode.  For  a  given  node  the  displacement  zeros 
migrate  downward  in  depth  with  increasing  period.  Therefore  successively 
deeper  sources  have  spectral  zeros  at  successively  longer  periods. 

Even  though  all  the  spectral  ratios  have  nodes  and  infinities 
which  are  sensitive  to  the  source  depth,  the  most  promising  is  the 
fundamental  Rayleigh  to  Love  ratio.  The  easily  identified  large 
amplitudes  of  fundamental  surface  waves  in  the  time  domain  arc 
important  to  taking  meaningful  spectral  ratios.  The  interference  of 
similar  signals  can  cause  spectral  holes  which  along  with  spectral 
zeros  due  to  source  time  history  and  finiteness  make  identification 
of  the  source  depth  minimum  improbable.  If  there  is  enough  energy  in 
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the  ohserveil  rujiil.ineula  1  i.ove  te'iive,  the  oiininuns  in  l.ovc  spectra 
will  he  line  to  i.’iJerferetKes ,  siicli  as  nultipath  arrivals,  anil 
source  line  aiul  liiiiteness  l‘utu'tions.  Thus  ratios  shuuKI  not  he 
forneil  at  pertoils  for  which  tliere  is  a  low  power  level  in  the  I.ove 
wave  spectriin. 

riie  ratio  iniema  are  ilepenilerit  on  tlie  Tault  orientation  para- 
nieter<  oi'  ilip,  ‘  ainl  slip,  ‘,  as  well  as  source  ilepth.  The  ratio  of 
fnntlar.eiiica I  i(avlei^h  to  I.ove  has  a  true  node  at  all  azimuths  onlv 
for  fault  models,  (6,  A)  of  (HO®,  0")  and  (DO®,  ISO®).  The  (45®,' 00®) 
and  (45®,  270®)  faults  can  have  Erne  nodes  at  azimuthal  angles  from 
the  strike  of  0  4S“,  155®,  225®,  and  315®. 

The  nodal  period  as  a  function  of  source  depth  for  the  vertical 
pure  strike  slip  fault  node!,  (90®,  0®),  is  shown  in  l-inure  I.  I-or 
the  oceanic  and  shield  earth  structures,  the  relation  between  period 
and  source  depth  is  almost  linear  down  to  depths  of  150  km.  A  rou^h 
estimate  of  Lite  source  depth  can  he  obtained  by  equating  the  depth 
in  kilometers  to  the  nodal  period  in  seconds.  I-or  a  homo^eiteons 
Poisson  solid  half  space,  the  relation  between  source  depth,  h,  and 
the  nodal  period  is  i  ven  hy 


h  «  (0.19)  (i:T) 


(Heii'Menahen  and  Tdksoz,  1963).  The  ratio  of  source  doptli  to  this 
critical  w.ive leiiiith,  A,;  «  CT,  versus  source  depth  is  shown  in 
l•i.l;ure  2  for  the  two  models. 

I'imire  3  illustrates  the  effects  of  varying  the  fault  )»eomelry 
parameters  (6, A),  ior  chani;es  in  dip  and  slip  of  less  than  10®  from 
the  vertical  pure  strike  slip  fault  (90®,  0®),  the  minimum  near  60 
seconds  is  recoj’ni  table  and  essentially  stable.  But  at  an  observer 
azimuth  of  0  »  22.5®  a  ch.mge  of  IS®  in  d  or  A  can  virtually  eliminate 
the  minimum.  Oii  the  other  hand,  at  an  azimuth  of  30®,  the  spectral 
ratio  has  an  easily  identified  minimum  at  60  seconds  for  the 
(75®,  15®)  model.  Another  complicating  factor  then  is  that  the 
minimnms  are  sensitive  to  azimuth.  It  should  also  he  remembered  that 
these  arc  spectral  ratio  miiiinums.  i.xccpt  for  };cometrics  where  the 
minima  are  near  zero,  their  presence  may  not  be  evident  in  either 
the  llaylei^h  or  the  I.ove  spectra  until  the  ratio  has  been  formed. 

The  complications  inherent  in  these  spectral  techniques  can  he 
demonstrated  hy  considering:  the  lallon  earthquake  of  20  .Inly  1962 
Toksdz  et  al  1904).  The  fundamental  Kayleich  and  I.ove  spectra 
measure  at  Ruth,  .Vevada,  are  shoivn  in  i-inure  4,  Taking  their 
spectral  ratio,  R^/l-  wo  obtain  a  minimum  near  26  seconds  which 
corresponds  to  focal  depth  of  20  km  for  a  vertical  strike  slip 
fault  (90®,  0®)  and.  ;■  l.illoii  to  Ruth  propaf^ation  path  (I'i^urc  5). 

:he  riiuimiun  is  .ilso  .ipparent  in  the  observed  R-. 

The  depth  is  the  sane  .-is  that  obtained  in  Toksoz  ct  al  (1965) 


by  comparing.  \\he  obserTfcd  and  theoretical  spectra  for  the  surface 
waves  at  Ruth,  Pnsadeha  and  Jamestown.  As  in  Tsai  (19091,  the 
assumed  source  time  variation  was  a  step  function.  In  order  to  fit 
tiie  observed  spectra  at  these  stations,  they  required  a  fault 
orientation  of  (76®,  230*)  and  a  strike  azimuth  of  555®.  This 
corresponds  to  an  azimuthal  an>;ie  from  the  strike  of  0  -100®  at 
Ruth.  The  (90®,  0®)  faults  at  a  vdepth  of  20  and  26  km  require  a 
0  «  50*  -  55®  or  0  »  125®  -  130®  at  Ruth  in  order  to  obtain  a 
reasonable  spectral  ratio  Ci‘ij>urc  5).  This  results  in  aii  unaccept¬ 
able  theoretical  spectral  ratio  at  .lamestown  which  is  two  orders  of 
magnitude  less  than  observed  there.  The  spectral  ratios  for  their 
(76®,  230®)  fault  have  barely  perceptable  minima  only  at  6  near 
40®  and  145®.  There  are  no  minima  in  R2  at  any  azimuth  for  periods 
less  than  40  seconds. 

The  fault  orientation  w^as  determined  frbm  a  three  station  fit 
of  a  radiation  pattern  of  the  hove  to  Rayleigh  wave  peak  ;'.~<nl  i  tudes 
(T  *  16  sec),  i'llnn,  Lambert  and  Archambeau  (1970)  using  tiiie  t-allon 
earthquake  Rayleigh  and  Love  waves  recorded  at  17  LRSM  stations  found 
that  the  radiation  pattern  for  the  16  second  ratio  could  be  fit  best 
by  a  20  km  depth  (82®,  196®)  fault  plane  with  a  strike  azimuth  of 
10®.  Since  the  radiation  pattern  of  the  ratio  at  a  given  period  is 
relatively  insensitive  to  source  depth,  the  20  km  source  depth  was 
determined  from  the  individual  Love  and  Rayleigh  radiation  patterns 
at  various  frequencies.  The  shapes  of  these  individual  patterns  also 
admit  a  fault  orientation  of  (82®,  174®)  (Flinn  et  al,  1970). 

The  spectral  ratios  at  selected  azimuths  for  the  two  LRSM 
determined  fault  solutions  are  shown  in  Figure  6  with  the  observed 
Ruth  ratio.  Again  we  cannot  fit  the  Ruth  data  (e  >  85®)  without 
violating  the  strike  azimuth.  The  range  of  azimuth  in  which  there 
is  a  detectable  minimum  in  the  R2/L  ratio  and  in  Rr  for  a  step 
function  source  are  shown  in  Figure  7  for  the  LRSM  fault  solutions. 

In  the  same  figure  wc  show  the  16  second  Love  to  Rayleigh  radiation 
patterns. 

Another  piece  of  evidence  that  the  fault  strike  azimuth  is  within 
15®  of  North  as  in  Toksoz  et  al  (1065)  and  Flinn  et  al  (1970)  can  be 
found  in  the  small  dips  in  the  abftolute  spectra  of  the  Jamestown  and 
Pasadena  stations  (Figure  4).  Assuming  that  the  i-allon  event  was  due 
to  a  rupture  moving  to  the  North  with  a  uniform  velocity  of  2.2  km/sec 
along  a  fault  segment  of  length  20  km,  these  dips  can  be  explained 
as  the  first  minimums  of  the  source  propagation  factor  (Bcn-Menahcm, 
1960).  This  factor  would  cause  a  minimum  in  the  Rayleigh  and  Love 
wave  spectra  ut  just  below  10  seconds  period  at  Ruth,  at  14  seconds 
at  Pasadena,  and  at  12  tc  14  seconds  at  Jamestown.  The  minimum 
necessary  length  of  20  km  is  considered  large  for  an  earthquake 
of  this  magnitude  (King  and  Knopoff,  1968).  On  the  other  hand,  the 
shallowness  of  the  minima  can  be  explained  by  the  rupture  strength 
being  much  smaller  at,, the  tends  of  the  fault  relative  to  the  center 
(Ben-Menahcm  and  Toksoz,  1962).  Thus  the  effective  length  contributing 
most  of  the  seismic  energy  could  be  much  smaller  and  the  spectra  would 
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still  have  the  ;jaine  minima  locations  found  in  Figure  4. 

Unless  the  solutions  obtained  from  the  three  Caltech  and  the 
17  I.KSM  stations  are  incorrect  or  can  be  shifted  in  strike  azimuth 
a  minimum  of  25°  to  the  east,  the  dip  in  the  Ruth,  Nevada,  Rayleigh 
spectrum  and  the  Rayleigh  to  Love  spectra  ratio  at  26  seconds  must 
be  due  to  mechanisms  other  than  source  depth  (ToksHz  et  al,  1965). 

Considering  the  difficulties  and  the  sources  of  possible  spectral 
contamination  it  is  hard  to  visualize  spectral  ratios  playing  an 
important  role  in  the  determination  of  focal  mechanisms  except  for 
events  where  there  is  consistent  and  adequt.te  station  coverage,  high 
signal  to  noise  levels,  and  some  supplementary  information  bn  the 
fault  and  propagation  path. 
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ABSTRACT 


Some  century  old  results,  due  to  Rayleitlh  and  Rout^.,  arc 
used  to  derive  a  very  compact  and  simple  representation  for  tiic 
transient  response  of  the  Harth  to  earthquakes  In  particular, 
is  shown  how  the  residual  static  displacetient  fK'ld  is  natural  I 
Represented  in  terms  of  the  normal  mode  eigenfunction.^. 


If  one  can  calcusitc  the  excitation  of  the  normal  modes  of  tite 
Harth  due  to  a  particular  earthquake  source^  one  can  use  such  calcu¬ 
lations  in  an  attempt  to  infer  the  earthquake  mechanism  and  total 
moment.  Some  general  results  in  normal  mode  tlieory,  due  to  Rayleigh 
and  R'^uth  about  a  century  ago,  make  the  excitation  calculations 
rcmavkably  simple.  First  we  treat  a  system  of  X  particles  and  tlien 
pass,  to  the  continuum  limit. 

Consider  a  conservative  system  of  X  particles  in  anall  oscillation 
about  a  state  of  stable  equilibrium.  Let  the  particle,  u  =  I,..., 

N  have  mass  iria,  displacement  Uq^,  and  let  a  force  fmet  he  applied  to  it. 
Then,  if  VmaQ  is  the  symmetric,  positive  definite  potential  energy 
matrix,  the  linearized  equation  for  the  conservation  of  linear  momentum 
is 
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mB 


ma 
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The  Laplace  transform  of  (1)  is 


“ma  *  I  ''mae  '  “mB  '  ■’’ma  '2) 

where 

“mo^P^  “  j  dt;  Re  p  >  o  (3) 
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We  recall  that  there  are  3N  eigenfrequencies  unl  n  «  !»•••»  3N,  and 
3N  eigenvectors,  or  normal  modes,  ^e  iw  t  for  the  dynamical  system. 
The  normal  modes  can  be  orthonormaliz^d  (^denotes  complex  conjugate) 


a  ma,n 


’mo,t  n,Jl 


(4) 


and,  since  there  are  3N  degree^  of  freedom,  they  form  a  complete  basis 
for  the  system.  Consequently,  u^^  has  the  representation 
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and  the 

use  of 

(4) 

gives 
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=  y  m 

s* 

•  u 
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ma 

,n  ma 

(6) 


If  we  take  the  scalar  product  of  (2)  with  s*  and  sum  over 
a  we  get 


^  ^ma,n  *  '^ina0  *  ~  ^®ma,n  *  ^ma 


(7) 


We  can  simplify  (7)  by  using  a  form  of  Rayleigh's  principle.  The 
normal  mode  s .  is  a  solution  to 


■w  m  s  + 
n  a  ma,n 


IV 


6  "’aB 


=  0 


(8) 


Taking  the  scalar  product  of  (8)  with  s  summing  over  a,  and 

using  (4)  gives 


y  s^  •  V  *8  =  5 

^g°ma,Jl  '^moB  ^m3,n  ^n  °nil 


(9) 


Since,  Vn,q3  is  symmtric  we  can  interchange  a  and  B,  as  well  as  n  and 
II*  in  (9).  i’hus,  using  (9)  in  (7)  gives 


(p^  +  (jo^)a  =  Js* 

n''  n  ^  ma,n 

a  ’ 


ma 


(10) 


and  we  can  write  (5)  as 


u  =  y  s 

ma  “  a,n 
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(11) 


Most  earthquake  sources  are  modeled  as  step  functions  so  that 
then  the  Laplace  inversion  of  (11),  for  t  >  o,  is 

l-cosw_t 


^*ma^^^  ^  ^ma,n  ^|^mB,n  ^mB^ 


(12) 
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When  there  is  a  small  amount  of  dissipation  (Q>>1)  we  modify  (12) 

1  .  -to  t/2Q 

1-costo  t.e  n 

=  I  „  (7  s*  „  •  f  „)  - li- -  (13) 

ma  ^  '  “  ma,n  m3,n  mp*^  ' 

All  that  remains  after  a  long  time  is  the  static  displacement 
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t->00 


ma 
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ma,n 
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(14) 


It  appears  to  be  unappreciated  by  many  geophysicists  that  the  static 
response  of  a  mechanical  system  can  be  expressed  in  terms  of  the 
normal  modes  of  that  system.  Thus,  the  statical  or  dynamical  theory 
of  bodily  tides,  all  Love  number  calculations,  the  excitation  of  the 
chandlerian  nutation  are  all  expressible  in  terms  of  the  Earth's 
normal  mode  eigenfunctions,  as  is  the  static  displacement  field 
caused  by  an  earthquake. 

For  the  Earth,  which  we  approximate  as  a  classical  continuum,  a 
particle  sum,  such  as 


N 

y  s*  •  f 
j  m3,n  mB  * 


becomes  a  volume  integral,  such  as  /dVsj^^j(r)  •  fm(r)m*  The  body  force 
^niB  replaced  by  the  body  force  per  unit  volume  TnjCr)^^^.  For  (13)  we 
have 


(15) 


1-cosoOj^te 


(jO 


n 


The  sum  in  (IS)  is  now  an  infinite  sum  but,  as  shown  by  Rayleigh,  it 
converges  as  10^2.  The  normal  modes  s,5,jj(r)j^  in  (15)  are  normalized  (4), 
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and  p  is  the  density.  In  many  applications  the  body  force  is 

represented  by  6-functions  so  that  the  evaluation  of  the  volume  integral 
in  (15)  is  particularly  simple. 

For  earthquake  sources,  a  commonly  used  concept  is  that  of  a 
stress  release  mechanism.  Let  the  difference  between  the  initial  static 
stress,  before  the  earthquake,  and  the  final  static  stress,  after 
the  earthquake,  be  Tm  so  that  the  static  stress  field,  T^,  has  the 
representation 


T  =  T  =  T  II(t)  (17) 

m  mo  m  ^ 

and  let  the  source  region  be  confined  to  a  volume  Vg.  Then  the  action 
tensor.  Mm,  for  the  source  is 


M 
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(18) 


When  the  source  dimensions  are  small  compared  to  wavelengths  of 
interest 


m 


=  M„6(i-  -r„c) 
m  m  mb 


(19) 


where  r  c-  is  in  the  source  volume  Vo. 
mS  b 

The  body  force  caused  by  the  stress  drop,  T  ,  is  f  =  and 

the  volume  integral  in  (15)  becomes 
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integrating  (2)  by  parts,  using  Gauss*  divergence  theorem  plus  the 
symmetry  of  T^  gives 
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where  e  is  the  strain 
is  the  "^surface  of  Vg, 
For  sources  within  Vg, 
Substituting  (19)  into 


tensor  for  the  disnlaccMnent  vector  Sp,.,,  A 
and  ftjji  is  the  outward  unit  normal  to  V^. 
the  surface  integral  in  (21)  vanishes, 
the  remaining  volume  integral  in  (21)  gives 


dV  s*  (r  )  •  (V„*T  1  =  -M  :e*  (r  e) 
'  0  mn  o'^  ^  0  m  m  mn  mS'' 


where 


3  3 

M„:e„  =  y  y  M.  .  e.. 
n>  i  =  i  j  =  i  iJ  iJ 

With  the  aid  of  (22)  we  can  write  (15)  as 
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A  special  kind  of  action  tensor  is  the  one  that  represents  a  shear 
dislocation,  or  fault  plane  model.  Let  the  unit  normal  to  the  fault 
plane  be  P  and  let  the  slip  direction  be  Then  •  cT  =  0  and 


M 


m 


for  a  shear  dislocation.  The  symmetry  of  the  action  tensor  is  a 
consequence  of  the  conservation  of  angular  momentum. 

The  normal  modes  of  the  earth  are  of  two  kinds:  spheroidal, 
®m  “  °nmii 


and  toroidal,  s 
’  m 
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nmA 


(25) 
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(26) 


111 


‘mi, 


in  (25)  and  (26) 


^1=9  Tq'+<(>  CSC0-^ 

1  m  30  Ill  3(1) 


and 


y'^(0,(}))  is  a  normalized  surface  harmonic 

1/2  1/2 

I',  111  /2£+l\  /(£-m)!\  r,iii  ,  iiiKl) 

Yt(e.*)  =■  (-1)  1^11 


The  scalars  U,  V,  W  are  solutions  to  the  ordinary  differential 
equations  that  represent  the  stress- strain  relations  and  the  conser 
vation  of  linear  momentum.  Once  the  scalars  U,  V,  W,  have  been 
obtained,  and  this  is,  by  far,  the  most  time  consuming  part:  of  the 
numerical  calculations,  they  can  be  stored  for  repeated  retrieval, 
so  that  the  evaluation  of  (23)  for  a  particular  M  ,  r  g,  and  r^^  can 
be  extremely  rapid  and  inexpensive. 

Several  applications  of  the  techniques  presented  here  will  be 
published  elsewhere. 
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EARTH  NORMAL  MODE  SPECTRUM 


Figure  5.  Power  spectral  density  for  New  Hebrides  earthquake 
Figure  4  from  1-15  cph.  0  DB  on  Figure  is  1  x  10 
g2/cph. 
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EARTH  NORMAL  MODE  SPECTRUM 


Figure  9.  Power  spectral  density  for  Sumatra  earthquake  of  Figure 
from  1-15  cph.  0  DB  on  Figure  is  1  x  10"24  g2/cph. 


SIIOKT  I*I:KI0I)  SPHCTRAL  discriminants  for  OXPLOSIONS 


By 

WilUam  li.  Bakun 
Lane  R.  Johnson 


So ismoH rapine  Station 

Department  of  vlcology  and  Geophysics 

University  of  California 

Uerkeley,  California 


SllMMAKY 


Spcctni  (O’S  llz)  of  the  l*u  phase  at  .IAS,  (lalifornia  (A  ■  250- 
500  km),  for  69  events  (M  ■  2. 8-4. 5)  located  within  100  km  of  NTS 
are  used  to  investiitate  source  difrercnces  between  tlie  short  pcrioil 
spectrn  of  nuclear  explosions  and  'natural*  earthquakes.  The  1'^ 
spectral  ratio  (0.6-1.25  llz)/(]. 35-2.0  llz)  of  ground  displacement 
satisfactorily  discriminates  NTS  explosions  from  'natural'  earth¬ 
quakes  for  a  threshold  magnitude  at  least  as  low  as  M  -  3.2.  The 
explosion  spectra  are  relatively  richer  in  the  high  frequency  hand 
(1.35  -  2.0  llz)  than  are  the  natural  earthquake  spectra.  An  Inter¬ 
esting  result  suggested  hy  this  study  is  that  the  short  period  I'-wave 
spectra  of  'afterevents '  of  large  NTS  explosions  resemble  the 
s|)ectra  of  ox|))osions  rather  than  that  of  'natural'  earthquakes. 


J 


INTRODUCTION 


The  problem  of  identify  ini;  underground  nuclear  explosions  has 
received  the  close  attention  of  many  seismologists  in  the  last  ten 
years.  Of  the  many  proposed  explosion  discriminants,  the  body  wave- 
surface  wave  magnitude  (m:M)  criteria  seems  the  most  promising.  The 
SI  PHI  report  (1968)  concluded  that  the  m:M  -r iter  in  is  n  "positive 
identifier!'  for  m>4  3/4. 

Using  the  m:M  criteria  with  Canadian  stations  for  western  North 
America  events,  Basham  (1969)  demonstrated  a  separation  of  the  earth¬ 
quake  and  explosion  populations  for  m>4.5.  Basham  noted  that  due  to 
continental  margin  and/or  propagation  path  effects  on  the  surface 
wave  amplitudes,  the  m:M  detection  threshold  for  intercontinental 
distances  may  be  at  best  about  m"4.7. 

Using  data  from  the  Berkeley  (BRK)  broad  band  system  at  a  distance 
of  500  km  from  NTS,  McEvilly  and  Peppin  (personal  communication,  1970) 
have  found  a  separation  of  the  NTS  explosion  and  Nevada  earthquake 
populations  down  to  a  threshold  magnitude  at  least  as  low  as  m  -  3.7. 
Surface  waves  for  smaller  events  are  lost  in  the  background  noise. 

The  new  high-gain  long-period  seismometers  (Molnar  et  nl,  1969)  are 
capable  of  recording  events  with  Ms  possibly  as  low  ns  2.7  (-m  >3.7 
for  explosions)  at  epicentral  distances  of  30"  or  more.  Data  arc  thus 
becoming  available  to  tost  even  lower  thresholds  of  the  m:M  criteria 
for  intracontinental  discrimination. 

Discrimination  criteria  based  solely  on  direct  P-waves  have  also 
received  considerable  attention.  The  SIPKI  report  ^968)  indicates 
that  P-wavc  spectra  are  a  diagnostic  aid  and  a  possible  "positive 
identifier"  for  events  with  m>S.2S.  Using  the  LASA  short  period  instru¬ 
ments,  Lacoss  (1968)  has  evaluated  a  spectral  ratio  criteria  that 
discriminates  between  earthquakes  and  explosions  if  decision  rules 
based  on  noise  analyses  arc  employed.  Unfortunately  the  probability 
of  making  any  decision  falls  from  unity  at  m>4.S  to  near  zero  at 
m-4. 1 . 

Since  earthquakes  and  explosions  have  different  source  time 
histories,  one  might  expect  a  systematic  difference  in  their  high 
frequency  asymptotic  behavior.  With  respect  to  earthquakes,  Haskell 
(1966)  and  Aki  (1967)  have  considered  theoretical  models  of  a  dis¬ 
location  across  a  fault  imbedded  in  an  infinite  elastic  medium. 

Haskell  assumed  a  particular  time  history  for  the  dislocation  which 
resulted  in  a  1/(jj3  high  frequency  spectral  asymptote  for  the  body 
wave  spectrum  while  Aki  assumed  a  different  time  history  which 
resulted  in  a  l/cj^  spectral  asymptote. 

In  this  paper  we  report  an  attempt  to  evaluate  P-wave  spectral 
discriminants  at  small  epicentral  distances  (A~2-4");  the  hope  was 
that  encouraging  results  might  be  extended  for  stations  at  larger 
epicentral  distances.  The  demonstration  that  spectral  differences 
between  earthquakes  and  explosions  do  exist  down  to  low  magnitude  3 
events  should  lend  impetus  to  research  on  spectral  discriminants  at 
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telesui  siilic  distances  and  improvement  in  detection  methods  required 
for  operations  at  this  level.  Because  there  is  no  continental  margin 
effect  on  teleseismic  l*-wave  pronat;ution,  a  successful  intrucont inentul 
l*-wave  spectral  discriminant  mii(ht  easily  bo  extended  to  an  inter- 
con  ti  non  ta  1  di scr iminant. 

Da  t  a 


The  data  used  In  this  study  have  boon  restricted  to  the  output  of 
a  single  hitih-t'aht  (600  K  at  1  llz,  background  noise  *<  1  mu  at  1  llz) 
vertical  short  period  setsinoiiraph  at  Jamestown,  California  (JAS), 
located  340-410  km  from  explosion  epicenters  ut  the  Nevada  Test  Site 
(NTS)  (I'igure  1).  JAS  (37“r»6!8  X.,  120*2613  W. ,  elev.  ■  457  m)  lies 
In  the  Sierra  foothills  and  is  part  of  the  Berkeley  seismographic  not. 
Since  October,  IdbS,  the  output  of  a  14  kgm  vortical  Renioff 
(Tq  -  1  sec,  Tj.  *0.2  soc)  seismometer  at  JAS  has  been  telemetered  to 
Berkeley  and  recorded  on  magnetic  tape.  (The  tape  system  at  Berkeley  Is 
described  in  detail  by  Rodgers  et  al,  1U6S.) 

This  magnetic  tape  library  was  searched  for  ovonts  with  hypo- 
centers  within  100  km  of  NTS.  Sixty-nine  events  (Table  1)  with 
equivalent  Wood- Anderson  magnitudes  ranging  from  2  3/4  to  S  were 
selected.  The  lower  magnitude  limit  corresponds  to  a  I’g  signal-to- 
noise  ratio  of  about  2.  The  upper  magnitude  limit  corresponds  to  P 
clipping  for  distances  of  about  500  km  from  .IAS. 

Table  1  inclu«lcs  the  following  types  of  events:  (a)  announced 
underground  nuclear  explosions  at  NTS,  (b)  'natural*  earthquakes, 

(c)  'afterevents '  of  the  large  underground  nuclear  explosions  BOXCAR, 
BI;NIIAM,  and  JORUM,  (d)  subsidence  of  craters  (collapses)  of  under¬ 
ground  nuclear  explosions,  and  (e)  unidentified  events  with  epicenters 
on  NTS.  All  example  of  typos  (a),  (b),  (e)  and  (c)  is  shown  in  Pigure  2, 
fhe  type  (b)  'natural*  earthquake  category  is  limited  to  earthquakes 
with  accurate  epicenters  ut  least  30  km  outside  the  NTS  boundary. 

The  type  (c)  'afterovent'  category  is  reserved  for  events  with  epi¬ 
centers  within  about  20  km  of  the  explosion  shotpoint  and  occurring 
in  a  time  span  similar  to  that  of  aftershocks  in  an  earthquake 
aftershock  sequence.  The  last  type,  (o),  consists  of  all  events  wi th 
epicenters  on  NTS  which  were  not  included  in  types  (a),  (c)  or  (d) 
and  presumably  contains  some  'natural'  earthquakes  in  addition  to 
'afterevents'  or  collapses  of  nuclear  explosions  which  we  have 
failed  to  identify.  No  claim  is  made  for  completeness  of  the  event 
population  of  Table  1  in  the  epicentral  area  and  magnitude  range 
1  i s  ted. 

The  most  frustrating  part  of  this  study  was  the  unavailability  of 
more  events  that  could  be  classified  as  known  'natural'  earthquakes. 

All  recent  studies  of  discriminants  (i.e.,  the  SIPRI  report,  1968) 
liavc  stressed  the  necessity  of  examining  events  on  a  regional  basis. 

In  order  to  limit  propagation  effects  this  study  was  restricted  to 
events  having  a  small  azimuth  range  (Figure  1).  The  propagation 
path  .FAS  for  NTS  events  crosses  the  Basin  and  Range  Province,  White 
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Mountains  and  the  Sierra  Nevaila.  Propagation  along  otlier  aziiiiiitlis 
to  .IAS  could  introduce  serious  unknown  propagation  ]iatli  effects. 

In  the  distance  range  25U-5U0  km  I'n  is  tlie  first  anival  with 
an  apparent  velocity  of  about  7,1)  kin/sec.  Arriving  8-10  sec  after 
I’n  with  an  apparent  velocity  of  about  b.l  kni/sec  is  the  prniniaent 
phase  which  we  have  identified  as  tV.  In  general  we  have  attempted 
to  carry  out  a  dual  analysis  of  both  the  l*n  and  1*^  phases.  However, 
for  the  data  considered  in  this  report  the  results  have  been  incon¬ 
clusive,  which  probably  reflects  the  fact  that  the  signal-to-nolse 
ratio  for  I’n  was  small  (I'ignre  2).  Thus  most  of  this  report  will  be 
concerned  with  the  analysis  of  the  I’g  phase. 

The  magnitudes  quoted  in  Table  1  are  bused  on  both  I’n  and  i’n 
amplitudes  at  .IAS,  using  a  scale  calibrated  by  Wood -Antlers on  magnitudes 
at  HKK  for  larger  events.  Magnitudes  computed  separately  from  the 
Pp  and  I’n  amplitudes  consistently  agree  to  0.1  to  0.2  units.  We  feel 
that  tbo^magnitudes  used  are  self-consistent  to  an  accuracy  of  1/4 
magnitude  unit. 

The  data  wore  digitized  (12-bit  resolution)  at  SU  samples/sec 
with  a  tolerance  of  O.St  in  the  sampling  rate.  The  minute  of  record 
preceding  the  l’,|-wave  onset  was  also  digitized  for  purposes  of  noise 
analysis.  The  data  wore  I’ouricr  transformed  using  an  8  sec  wimlow 
with  a  cosine  taper  applied  to  the  final  2  sec.  The  8  sec  window 
length  was  selected  because  this  is  the  minimum  Pg'I'n  time  at  .IAS 
for  the  event  population  used.  Numerical  experiments  with  shorter 
window  lengths  indicate  that  the  result  of  this  study  are  not  altered 
by  reasonable  changes  in  the  window  length.  A  typical  signal  and  the 
resultant  spectra  are  shown  in  Figure  3. 

Noise  analyses  indicate  that  fur  the  epicentral  distances  involved 
(250-500  km)  signal  amplitudes  are  lost  in  the  background  noise  for 
frequencies  greater  than  about  5  llz.  For  events  in  the  magnitude 
range  3-5,  signal  amplitudes  for  frequencies  less  than  about  0.6  llz 
are  generally  near  the  microseism  level.  Thus,  all  analyses  discussed 
in  this  paper  have  been  restricted  to  the  0.6  -  5.0  llz  baud. 

The  spectral  moduli  were  corrected  for  instrument  response  .ind 
attenuation.  A  value  of  400  was  assumed  for  Q  for  both  I’n  and  !*«. 
Numerical  experiments  indicated  that  reasonable  variations  in  tiiis 
assumed  value  would  not  change  the  conclusions  of  this  paper. 

Spectral  asymptotes 

Haskell's  (1966)  and  Aki's  (1967)  earthquake  source  models 
predict  high  frequency  spectral  asymptotes  in  the  far-field  nf  l/w’^ 
and  l/oj^,  respectively.  By  assuming  various  dislocation  time  histories, 
one  could  predict  a  range  of  asymptotic  behavior.  Although  explosion 
source  obviously  do  not  fit  the  source  geometries  assumed  by  Haskell 
and  Aki,  appropriate  models  and  source  time  histories  presumably  would 
yield  characteristic  asymptotic  behavior,  which  might  be  different 
than  that  predicted  for  earthquakes. 
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I.vast- squares  regression  lines  were  computed  for  both  tlic  I’n  and 
Pm  lOK  displacement  vs  lo^  freuiicncy  data.  The  slopes  showed  no 
recognizable  pattern  that  could  bo  used  to  discriminate  between  earth¬ 
quakes  and  explosions.  The  notches  in  the  spectral  moduU  (scalloping) 
introduce  large  uncertainties  in  the  computed  slopes.  An  unsuccessful 
attempt  was  made  to  alleviate  this  difficulty  by  computing  the  least- 
squares  regression  lines  to  the  relative  maxima  in  tne  log-log  spectral 
data. 

Although  our  attempts  to  use  the  spectral  asymptotes  as  a  dis¬ 
criminant  were  unsuccessful,  we  are  not  convinced  that  this  approach 
is  without  promise.  The  spectral  scalloping  can  bo  explained  by  the 
arrival  of  secondary  pulses  (Pliant  and  Knopoff,  1964)  duo  to  near 
source  and/or  near  receiver  reverberations.  A  more  elaborate  analysis 
wliich  takes  accouni  of  these  secondary  arrivals  might  possibly  demon¬ 
strate  spectral  asymptotes  to  be  a  useful  discriminant. 


Snectral  ratio 


A  preliminary  examination  of  the  spectra  of  the  large  earthquakes 
and  announced  explosions  in  our  event  population  indicated  that  0.6- 
2.0  llz  was  the  most  promising  spectral  band  for  discrimination  at  JAS 
for  NTS  events.  As  noted  previously,  the  spectral  amplitude  for 
frequencies  less  than  about  0.6  Hz  is  near  the  microseism  level  at 
.IAS  for  the  magnitudes  and  distances  considered  in  this  study.  Other 
P-wave  spectral  discrin inant  schemes  that  rely  on  spectral  information 
below  about  0.6  llz  might  also  suffer  from  serious  noise  contamination. 
The  fact  that  the  I, ASA  spectral  ratio  incorporates  information  at 
rreqiiencies  down  to  0.35  llz  might  explain  the  serious  noise  contami¬ 
nation  noted  for  lower  magnitude  events  (Lacoss,  1963). 

A  spectral  ratio  which  compares  the  average  ground  displacement 
in  the  0.6  -  1.25  llz  bund  to  that  in  the  1.35  -  2.0  Hz  band  for  P 
was  found  to  be  a  satisfactory  discriminant.  The  spectral  ratio  was 
defined  as: 


P  = 


14 

I  i'  •  -"i  ■ 

i-7  '  ‘ 


TT- 


I  c.s. 
i=15  ^  ^ 


where  Ci  are  the  instrument  response  and  attenuation  corrections  to 
the  spectral  moduli  S^.  The  frequency  increment  is  .09766  Hz. 

The  computed  values  of  this  spectral  ratio  for  the  Pg  phase  are 
shown  in  Figure  4.  Standard  errors  of  the  computed  spectral  ratios 
for  the  smaller  events  are  indicated  by  error  bars.  Noise  spectra 
were  computed  using  the  same  data  window  and  computational  procedure 
as  in  the  signal  analysis  for  5  segments  of  the  record  in  the  minute 
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preccdinji  tlio  l’„  onset.  The  variance  of  tiie  noise  at  each  spectral 
point  was  then  used  in  coinpntin^*  tlie  spectral  ratio  standard  errors. 

The  noise  was  assumed  to  la*  stationary  and  tlie  only  source  of  error 
in  the  estimated  spt'Ctral  ratio. 

Two  ureas  in  I'i^nre  4  have  been  delineated:  1)  'natural*  earth* 
quake,  and  2)  explosion.  All  known  'natural '  eartininakes  and  no 
announced  explosions  lie  in  1;  no  known  'natural'  enrtli(|uakes  and  all 
announced  NTS  explosions  lie  in  2.  Most  of  the  unidentified  type  (3) 
events  full  in  field  11.  Collapses  follow  no  pattern  us  mi}>ht  he 
expected  in  li^lit  of  their  liipiily  variultle  source  time  histories. 
I'resumahly  collapses  can  he  identified  by  other  means. 

It  is  intorestiM}*  to  note  that  all  the  'aftcrevents '  associated 
with  the  lur^e  underground  NTS  explosions  KOXCAU,  HliNtlAM  and  JORUM 
lie  in  11,  the  explosion  field,  rather  than  in  1,  tlie  earthquake  field. 
Basham  et  ul  (1970),  using  tlie  t.acoss  (1968)  spectral  ratio  for  tele- 
seismic  P-waves  recorded  at  Canadian  stations,  found  tiint  three  HIINIIAM 
'afterevents'  separated  from  three  NTS  explosions.  Of  the  six  events 
used  in  their  study,  only  the  19  Ucccmhcr  1968  UliNIIAM  'afterevent'  at 
2223  fiMT  (No.  SH,  Table  1)  did  not  clip  on  the  Pg  phase  at  JAS,  so 
that  a  meaningful  comparison  of  their  result  to  the  work  reported  in 
this  paper  is  not  possible. 

The  spectral  ratio  frequency  bands  chosen  in  this  work  were 
selected  because  they  seemed  appropriate  for  the  JAS  instrument 
response,  the  magnitude  range  and  the  epicentral  distance  to  the 
events  studied.  Different  spectral  bands  might  be  chosen  for  various 
other  combinations  of  these  factors. 

In  Figure  5,  representative  Pn  spectra  are  shown,  corrected  for 
attenuation,  over  a  range  of  magnitudes  for  announced  explosions  and 
'natural*  earthquakes,  respectively.  In  a  discriminant  it  is  desirable 
to  select  tlie  frequency  band  least  contaminated  by  background  noise 
in  which  spectral  differences  exist.  As  magnitude  decreases,  progres¬ 
sively  less  energy  is  generated  at  the  lower  frequencies  relative  to 
the  higher  frequencies.  This  shift  in  dominant  frequency  with  magnitude 
suggests  that  it  might  be  advisable  to  choose  spectral  bands  as  a 
function  of  magnitude.  For  example,  a  better  separation  of  the  explo¬ 
sion  and  'natural*  earthquake  populations  for  M>3.6  would  possibly 
result  if  tiie  smaller  magnitude  events  (M<3.5)  were  analyzed  by  a 
second  spectral  ratio  with  bands  shifted  to  hig^'er  frequencies. 

For  epicentral  distances  of  250-500  km,  hypocenter  location  becomes 
a  very  critical  factor.  For  example  the  event  on  April  28,  1967  (No.  15) 
is  poorly  located.  A  possible  error  in  the  location  of  100  km  would 
increase  the  magnitude  from  2.9  to  3.2,  putting  the  event  inside  II,  the 
explosion  field.  Possible  errors  in  the  analysis  of  this  event  lead 
us  to  hesitate  to  make  any  discriminant  decision.  This  event  gives  some 
idea  of  the  threshold  magnitude  of  the  JAS  Pg  spectral  ratio  discrimi¬ 
nant  in  the  frequency  lange  used.  As  another  example,  if  the  White 
Mountain  earthquake  of  October  27,  1967  (No.  30),  which  is  well 
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located,  were  to  be  mislocatod  at  Pnhuto  Mesa,  100  km  further  from 
.IAS,  the  magnitude  would  increase  from  2.8  to  3.0.  This  would  move 
the  event  from  field  I,  the  earthquake  field,  into  field  11,  the 
explosion  field.  Of  course  a  hypocenter  error  of  100  km  at  tele- 
seismic  distances  would  not  present  the  serious  errors  in  magnitude 
determination  discussed  here.  The  error  in  the  attenuation  correction 
introduced  by  a  mis  location  of  100  km  does  not  alter  the  computed 
spectral  ratios  to  any  significant  degree. 

I.xplosion  *afterovents * 

The  explosion* like  character  of  the  'afterevents'  of  BOXCAR, 
HINIIAM,  and  JORUM  indicated  in  Figure  4  was  further  investigated  by 
funning  a  composite  spectra  of  these  events.  All  'afterevents'  in 
the  magnitude  range  3. 4*4. 3  that  are  not  thought  to  be  collapse  events 
are  included.  The  individual  spectra  were  corrected  for  attenuation 
and  normalized  to  their  maximum  amplitude  before  being  summed  at  each 
frequency  to  form  the  composite.  Tne  BOXCAR,  BENIIAM,  and  JORUM  com¬ 
posites  are  similar. 

In  Figure  6  the  BENIIAM  composite  (including  events  No.  55,  56, 

57,  59,  62,  63,  and  64)  is  plotted  together  with  similarly  constructed 
composites  for  18  announced  explosions,  and  all  events  in  the  earth¬ 
quake  field  (I)  in  the  magnitude  range  3. 4-4. 3.  The  spectral 
similarity  between  explosions  and  their  afterevents  is  evident.  The 
demonstrated  spectral  differences  between  'natural'  earthquakes 
and  explosions  for  cpicentral  distances  of  a  few  hundred  km  might 
be  detectable  for  teleseismic  P-waves  if  sensitive  enough  instruments 
and  careful  analysis  are  emploved. 

Discussion 


According  to  the  Pg  spectral  ratio  criteria,  events  fall  into 
two  separate  populations.  The  announced  explosions  in  field  II  are 
located  over  lateral  distances  of  60  km  (Yucca  Flat  and  Pahute  Mesa) 
in  the  geologically  complex  NTS  region.  Unidentified  events  within 
NTS  fall  in  both  fields  I  and  1 1.  Known  'natural'  earthquakes  on 
the  near  (No.  30)  and  on  the  far  (No.  4,  16,  17)  sides  of  the  NTS 
from  JAS  lie  in  field  I.  These  facts  lead  us  to  believe  that  the 
differences  noted  between  earthquake  and  explosion  spectra  are  real 
and  not  merely  a  reflection  of  the  source  region  geology. 

It  is  important  to  point  out  that  the  discrimination  displayed 
in  Figure  4  could  possibly  be  due  to  the  effect  of  focal  depth.  It 
may  be  that  all  of  the  type  (a)  and  fe)  events  in  field  I  have 
appreciably  greater  focal  depths  than  the  type  (b),  (c)  and  (e)  events 
in  field  II.  We  have  been  unable  to  obtain  reliable  estimates  for 
the  focal  depths  of  the  'natural'  earthquakes.  The  explosions  are 
shallow  focus  and  available  information  on  the  BENHAM  'afterevents' 
(llamilcon  et  al,  1969)  indicates  that  they  have  focal  depths  of  less 
than  10  km.  Thus,  the  effect  of  focal  depth  cannot  be  eliminated  as 
a  possible  explanation  of  the  spectral  differences.  . 
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The  result  that  short  period  P-wave  spectra  of  'aftcrcvcnts' 
of  large  explosions  resemble  explosions  rather  than  earthquakes  is 
puzzling.  Although  these  'afterevents'  are  not  capable  of  being 
separated  from  explosion  by  P-wavo  spectra,  the  analysis  has 
identified  them  as  explosion-related  events.  McHvilly  and  Peppin 
(personal  communciation,  1970)  *'ind  that  these  'afterevents'  are 
identified  as  earthquakes  by  i  i  m:M  criteria.  Apparently  the 
explosion  'afterevents'  generate  explosion-like  short  period  P-wavc 
spectra  and  earthquake- like  surface  waves.  We  do  not  have  a  con¬ 
vincing  explanation  of  this  phenomenon.  In  some  way  the  short  time 
strain  field  of  the  explosion  is  expressed  in  the  short  period 
P-wave  spectra,  yet  the  'afterevent'  surface  wave  generation  is 
indicative  of  the  large  source  regions  associated  with  'natural' 
earthquakes.  By  using  the  short  period  Pg-wave  spectral  ratio  in 
conjunction  with  the  m:N  criteria,  it  appears  that  the  'afterevents' 
of  large  explosions  can  be  separated  from  'natural'  earthquakes 
and  explosions  and  defined  as  a  third  type  of  event. 

Events  No.  18,  19,  20,  and  21,  which  are  located  near  Pahute  Mesa 
and  a.'e  the  only  events  on  NTS  that  were  identified  as  'natural' 
earthquakes  by  the  spectral  ratio  criteria,  occur  2-6  hours  after 
the  underground  nuclear  explosion  SCOTCH  on  May  23,  1967,  at  Pahute 
Mesa  (OT  -  14  00  00.0  GMT;  shot-point  coordinates  -  37M6'30"N, 
116*22' 12"W:  6RK  Wood-Anderson  magnitude  ■  S.6).  We  have  classified 
these  events  as  unidentified,  but  it  is  clear  that  in  accordance 
with  our  classification  cirteria  for  type  (c)  events  they  might 
also  be  considered  as  'afterevents'  of  the  explosion  SCOTCH.  If  these 
four  events  actually  are  SCOTCH  'afterevents',  then  their  spectral 
behavior  is  different  from  that  of  the  'afterevents'  of  the  larger 
NTS  explosions  BOXCAR,  BENHA^i,  and  JORUM  which  all  had  magnitudes  of 
about  6  1/4. 

This  uncertainty  about  the  events  No.  18,  19,  20,  and  21  has  led 
us  to  consider  them  in  a  little  more  detail.  The  largest  of  these 
events.  No.  21,  has  a  magnitude  of  3.7  and  is  thus  near  the  detection 
threshold  of  the  body  wave-surface  wave  (m:M)  criteria.  Although 
the  surface  wave  signal- to-noise  ratio  at  BRK  is  quite  small  for 
this  event,  McEvillv  and  Peppin  (personal  communication,  1970)  find 
that  according  to  their  body  wave-surface  wave  generation  criteria 
i.m:M),  this  event  would  not  be  identified  as  an  explosion.  McEvilly 
and  Peppin  also  find  that,  in  terms  of  the  relative  Love  to  Rayleigh 
wave  generation  and  the  phase  relation  of  the  Rayleigh  wave  to  the 
Rayleigh  wave  generated  by  the  explosion  SCOTCH,  this  event  is  not 
a  collapse  following  SCOTCH,  but  that  it  closely  resemb'es,  in  these 
characteristics,  the  dipslip  'afterevents'  of  the  RENHAM  explosion 
that  they  have  studied.  A  couple  of  other  points  are  worth  noting. 

To  our  knowledge,  'afterevents'  have  previously  been  observed  only 
for  explosions  with  magnitudes  greater  than  6.  Thus  the  occurrence 
of  'afterevents'  of  a  magnitude  5.6  explosion  is  anomalous  in  itself. 
It  is  also  interesting  to  note  that  according  to  McKeown  and  Dickey 
(1969)  the  SCOTCH  event  was  accompanied  by  fracturing  on  nearby 
faults  for  a  distance  of  about  1  1/2  km. 


CONCLUSIONS 


1.  A  I’g  spectral  ratio  which  compares  the  average  ground  dis¬ 
placement  in  the  0.6  -  1.2S  llz  band  to  that  in  the  1.3S-2,0  tlz  band 
at  .IAS  appears  to  bo  successful  in  discriminating  NTS  explosions 
from  'natural'  earthquakes  for  M  >  3.2.  The  magnitude  threshold 
may  bo  substantially  lower,  particularly  if  the  frequency  bands  used 
to  define  the  spectral  ratio  arc  chosen  to  be  a  function  of  magnitude. 

2.  The  short  period  (0. 6-5.0  llz)  Pg-wave  spectra  of  the  'after- 
events'  of  the  large  NTS  explosions  BOXCAR,  BENIIAM  and  JORUM  resemble 
the  spectra  of  NTS  explosions  rather  than  that  of  'natural'  earthquakes 
with  epicenters  near  NTS. 

3.  As  a  general  observation,  details  of  the  spectra  we  have 
studied  are  quite  variable  oven  for  announced  explosions  with  shot- 
points  separated  only  by  a  few  kilometers.  These  differences  in  the 
spectral  detail  might  be  explained  by  delayed  secondary  pulses  due 
to  near  source  reflections. 
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Figure  3.  Digitized  data  of  a  typical  time  signal  (top);  ^g 

phases  with  the  8-second  window  used  (niddle);  resultant 
spectral  noduli  noraalized  to  1  and  plotted  on  a  linear- 
linear  scale  (bottoa).  Spectra  have  not  been  corrected 
for  attenuation  or  instruaent  response. 
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Magnitude 

Fi|;urc  4.  iipectral  ratio  of  vertical  surface  diaplaceaent, 

corrected  for  attenuation  with  Q  •  400,  at  JAS  for  events 
wi';hiu  100  km  of  NTS.  1  and  2  denote  the  earthquake  and 
explosion  fields,  respectively. 


.  Spectral  notluli  of  NTS  explosions  (left)  anJ  'natural* 
carthciuakcs  (right).  Average  spectral  nodiili  of  background 
noise  arc  indicated  by  broken  lines.  Both  signal  and  noise 
spectra  have  been  corrected  for  attenuation  (Q  •  400).  The 
ordinate  and  abscissa  scales  are  both  linear. 


figure  S 


'Afterevents’ 


i 


Figure  ft.  Pjj  conpomite  spectra  at  IAS  of  annoiinccil  N’TS  explosions, 
'natural*  earthquakes,  and  BIAIltM  'afterevents' .  Spectra 
ha%-c  been  corrected  for  attenuation  4001. 
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SOME  REMARKS  ON  SHORT  PERIOD  DISCRIMINATION 


By 
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1  would  likv  to  discuss  vcr>*  briefly  some  aspects  of  short 
period  discriHination  which  seen  to  be  dcvclopinfi  at  the  nonent. 

One  advantage  of  short  period  work  is  the  lower  threshold  for  detcc* 
tion  of  I*  waves  and  hence  the  prospect  that  soie  characteristic  will 
reveal  itself  routinely  at  r.t.s,  say. 

Spectral  ratio 

Thus  fat  a  short  period  spectral  discriminant  'spectral  ratio* 
has  proved  valuable  for  LASA  studies.  The  spectral  ratio,  defined 
as  the  ratio  of  the  power  in  the  bands  0.3S  to  0.8S  Ik  and  1.4S  to 
1,9S  Hz,  has  been  studied  extensively  by  Kelly  (1968)  and  l.acoss 
(1969).  It  was  demonstrated  that  the  high  frequency  content  of  cxnlo* 
siont  is  markedly  higher  than  that  of  earthquakes  for  shallow  uiiakes 
and  that  this  criterion  appeared  to  be  effective  above  m4.8  and 
maybe  useful  if  not  conclusive  below  that  magnitude. 

The  question  of  NCRSAR's  capability  in  the  spectral  ratio  test 
is  important.  There  is  no  reason  ta*  believe  that  a  site  in  Scandinavia 
should  have  as  good  a  teleseismic  window  on  the  Asian  continent  as  is 
possible.  The  snield>like  characteristics  of  the  Scandinavian  area 
and  the  Russian  and  Siberian  platforms  strongly  suggests  poorly 
developed,  if  present  at  all,  low  velocity  zones.  We  thus  expect  low 
Q  zones  also  to  be  much  less  important  practically  anywhere  in  the 
SinO'Soviet  bloc.  Hence  we  would  predict  (a)  ^;hat  a  broader  frequency 
window  is  available  to  us  at  NORSAR  and  (b)  that  there  should  not  he 
gross  variations  in  spectral  character  for  explosions  anywhere  in 
the  Sino*Soviet  region,  with  the  possible  exception  of  the  Kuriles. 

The  first  results  from  NORSAR  look  promising  in  this  respect.  We 
may  well  be  able  to  take  advantage  of  the  greater  excitation  of  high 
frequencies  by  explosions  by  means  of  the  broader  frequency  window. 
Figure  1  shows  the  mean  spectrum  of  a  small  population  of  earthquakes 
and  events  at  the  Eastern  Kazakh  test  site  presumed  to  be  explosions. 
This  is,  of  course,  a  very  meegre  sample  on  which  to  base  any  conclu* 
siotts,  but  it  is  clear  that  some  attempt  to  tailor  a  discriminant  to 
take  advantage  of  the  clear  peaks  and  troughs  in  the  two  spectra  mav 
be  profitably  made.  Such  a  discriminant,  based  on  this  population,  has 
been  constructed  and  is  defined  as 
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where  Si,  S?  and  St  are  sums  of  spectral  components  In  the  bands: 
0.63  to  1.06  Hz,  1.22  to  1.6S  Ik.  and  1.88  to  2.31  Ik,  respectively. 

Figure  2  shows  some  results  of  this  discriminant  where  the  pop* 
ulation  extends  beyond  that  of  the  events  shown  in  Figure  1.  It  is 
important  to  note  that  such  a  discriminant  would  he  ineffectual  for 
Nevada  Test  Site  explosions  which  are,  it  is  widely  believed,  fired 
over  a  region  of  the  upper  mantle  in  which  a  low  Q  zone  exists. 


CowpIcAi ty 

The  question  of  coaplexity  has  been  widely  argued  since  the 
N’ovay.i  Zcmly.i  events  showed  high  coaplexity.  It  is  obviously  iaportant 
to  imilcrstnnd  what  is  aeant  by  high  and  low  coaplexity  and  the  defi¬ 
nitions  that  have  been  used  in  the  past  have  been  of  the  fora  of 
power  ratios,  energy  in  the  first  thirty  seconds  divided  by  energy 
ill  the  first  five  seconds  or  soae  such  figure.  This  ratio  is,  of 
course,  strongly  dependent  on  what  happens  in  the  first  five  seconds. 

A  much  better  measure  of  coaplexity  would  be  the  energy  between  5 
and  30  seconds  scaled  hy  the  Gutenberg  B- factor  and  related  to  a  good 
teleseisnic  magnitude  estimate.  I  think  we  can  too  easily  be  deceived 
by  high  relative  coda  levels  into  thinking  that  the  coda  is  auch  aore 
important  than  it  actually  is.  We  have  recently  done  a  survey  of  the 
N'ovaya  Zenlya  data  in  order  to  try  and  find  out  what  causes  coaplexity 
and  also  whether  it  it  predictable. 

The  first  thing  one  discovers  is  that  the  coaplexity  of  signal 
varies  dramatically  from  place  to  place  on  the  globe.  A  particularly 
striking  example  of  this  was  shown  by  Key  of  UKAEA  when  two  stations 
in  the  UK  with  A's  differing  negligibly  but  azimuth  differing  by  S* 
showed  wildly  different  records.  That  this  is  a  function  of  source 
rather  than  receiver  is  obvious  when  one  compares  coaplexity  distri¬ 
butions  for  other  explosions  in  other  regions  ••  the  pattern  does 
not  repeat. 

There  is  something  very  subtle  about  the  source  phenomenon 
because  it  yields  different  repeatable  signals  at  differetit  stations 
relatively  close  together.  I  think  this  completely  rules  out  any 
explanation  in  terms  of  Rayleigh  wave  to  P-wave  conversion  near 
source  since  we  have  no  reason  whatsoever  to  believe  that  this  latter 
phenomenon  is  other  than  very  isotropic  in  its  radiation  pattern. 

If  com^ilexity  wec«  venerated  siaply  by  rattling  around  in  upper 
auntie  heterogeneities  o;  various  sorts  we  would  expect  the  radiation 
to  be  fairly  isotropic  aid  this  we  do  not  see.  So  I  think  that  too 
is  ruled  out  as  would  bw,  for  instance,  also  triggering  of  tectonic 
strain.  If  we  rule  out  this  form  of  complexity  generation  we  are 
left  with,  in  my  opinion,  only  one  alternative  and  that  is  deeper 
structure  beneath  Novaya  Zemlya  producing  lateral  constrasts  in 
seismic  velocity. 

The  emphasis  on  the  coda  is  probably  illusory.  All  underground 
explosions  have  substantial  codas  lasting  for  at  least  a  minute  and 
if  we  were  to  remove  the  first  five  seconds  of  the  P-wave  we  would 
always  be  confronted  with  a  very  complex  event  whose  magnitude  aight 
not  be  more  than  half  a  unit  less  than  that  of  the  explosion  itself, 
he  are  beginning  to  understand  the  structure  of  this  coda  now  in 
terns  of  a  variety  of  mechanisms  and  we  know  that  a  certain  amount 
of  it  is  suppressed  bv  array  processing  and  thus  must  be  locally 
generated.  However,  what  remains  is  still  substantial  even  for  explo¬ 
sions  from  other  regions.  I  would  like  to  suggest  that  what  appears 
to  be  complexity  is  no  more  than  an  absence  of  the  primary  P  wave. 


■A 

t  ^ 


•  2- 


This  is  akin  to  the  shadowinc  process  that  produces  los  anplitnde 
signals  in  the  range  10®<A<20’*  except  that  we  now  have  lateral 
rather  than  vertical  variations  in  velocity.  At  this  stage  it  is 
appropriate  to  look  at  Long  Shot.  Ke  know  that  this  was  fired  in  a 
region  of  strong  lateral  heterogeneity  in  seismic  velocity  and  the 
waveforms  were  accordingly  very  variable  in  character,  lor  eranple, 

1  show  some  LASA  waveforms  from  Long  Shot  which  are  fairly  confused 
and  very  incoherent  (Figure  3j.  The  same  event  however  produced  a 
relatively  simple  Pci*  (Figure  4J.  A  careful  examination  of  *he  wave* 
forms  available  shows  a  strong  dependence  of  *complexity'  on  angle 
of  emergence  from  the  source.  Figure  5  shows  this  very  dramatically. 

1  have  taken  a  slice  through  the  focal  hemisphere  at  the  location 
of  Long  Shot  and  marked  on  it  the  angle  of  emergence  to  get  to  various 
stations,  including  one  PeP  phase.  1  have  also  traced  the  waveforms 
at  these  stations.  The  large  arrow  shows  the  believed  dip  angle  of 
the  plate  at  this  point  in  the  Aleutians.  The  results  are  no'^'t 
interesting  ir.  that  the  first  five  seconds  amplitudes  vary  by  a 
factor  of  about  30  and  yet  the  post*signnl  coda  is  fairly  constant. 

1  can  only  interpret  this  in  terms  of  shadowing  due  to  the  presence 
of  the  plate.  Figure  6  shows  the  relationship  between  reported  magni¬ 
tude  and  complexity  for  Long  Shot  and  Figure  7  shows  the  same  for 
a  Novaya  Zemlya  event.  Both  clearly  show  the  relationship  between 
an  apparent  complexity  and  a  diminution  in  the  f^rst  P*wnve  amplitude. 

kliat  evidence  do  wc  have  to  make  such  a  plate  postulate  for 
Novaya  Zemlya?  One  particularly  cogent  argumcn  is  the  wide  existence 
of  ultra-basic  rocks  along  the  Urals  •  Novaya  Zemlya  fold  system, 
and  the  presence  of  ophiolite  complexes  along  the  Urals.  This  makes 
it,  by  analogy  with  the  Mediterranean  for  instance,  very  probably  a 
locus  of  compressive  orogeny  at  the  close  of  a  plate  consumption 
period  when  the  Siberian  platform  and  the  Russian  platform  became 
iammed  together  Mimalayan-style.  All  the  reliable  information  wc 
have  on  this  suggests  the  orogeny  was  Permo-Carboniferous.  This 
leaves  many  puzzles  --  one  being  that  of  explaining  how  a  plate  can 
maintain  its  identity  for  at  least  200  My  in  the  Upper  Mantle.  However 
this  problem  is  not  insoluble  and  wc  arc  still  at  a  relatively  early 
sta(?,c  in  understanding  fossU  plate  behavior. 

If  my  assertion  that  lateral  velocity  structure  is  the  explana¬ 
tion  for  signal  variability  is  correct,  two  things  follow.  The  first 
i.<  that  wc  might  be  able  to  map  simplicity  and  complexity  on  a  focal 
sphere  and  get  a  picture  of  the  broad  structure  under  Novaya  Zemlya. 

So  far  wo  have  not  obtained  results  significant  enough  to  display,  or 
it  may  be  that  the  structure  is  so  complicated  that  no  clear  focal 
sphere  picture  will  emerge. 

The  second  point  is  that  in  determining  a  magnitude  for  Novaya 
Zemlya  events,  only  observations  from  stations  giving  simple  records 
ought  to  be  included,  as  these  are  probably  not  in  the  shadow.  Thus 
it  is  probable  that  P-wavc  magnitudes  of  Novaya  Zemlya  explosions  are 
consistently  underestimated. 
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Figure  S.  A  section  through  the  focal  hemisphere  at  LOXf:  SHOT 
striking  55°  -  235°.  The  calculated  dip  of  the  plate 
is  shown  by  a  bold  arrow.  Waveforms  for  P  and  PcP 
from  several  stations  show  the  clear  shadowing  effect 
of  the  plate. 
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We  wish  to  touch  upon  several  different  topics  related  to  short 
period  depth  deterainat ion  and  the  role  it  can  play  in  the  discrimin.i- 
tion  area.  These  are: 

A.  pP  or  sP  detection  usini;  a  continental  array 

h.  pP  or  sP  detection  using  LASA 

C.  pP  or  sP  detection  using  hASA  and  NOKSAK  joint Iv 

11.  Use  of  depth  phases  in  conjunction  with  other  criteria 
for  discrinination 

I:.  Use  of  phases  other  than  pP,  sP  for  depth  deterninat ion 

F.  Very  shallow  depth  deternination  using  spectral  information. 

In  general  we  believe  that  short  period  depth  phases  cannot  he  neglected 
since  it  appears  that  perhaps  501  of  natural  events  can  he  so  identified 
without  incorrectly  disnissing  any  underground  explosions.  This  may  be 
particularly  significant  since  depth  phases  nay  be  used  to  correctly 
identify  events  which  are  troublesome  for  other  criteria,  l-or  example 
a  deep  event  may  have  weak  surface  waves.  Also,  depth  phases  can  he 
observed  for  many  events  in  the  low  magnitude  range  mh  ■  4.0  to  S.O. 

A,  pP  or  sP  determination  using  a  continental  array 

The  suggestion  has  often  been  made  that  short  period  data  from 
stations  spanning  an  aperture  of  thousands  of  kilometers  might  he 
coherently  combined  to  significantly  aid  in  the  detection  of  phases, 
particularly  pP  and  sP.  Lincoln  undertook  a  limited  study  to  inves* 
tigate  this  suggestion  using  LASA  data  and  digitised  LRSM  data.  Data 
was  visually  aligned  on  P  arrivals,  scaled  to  correct  for  distances, 
and  beams  were  formed  for  trial  depths  from  10  to  200  km  in  2  km 
increments.  Beams  were  compared  for  a  one  second  interval  around  the 
predicted  arrival  time  for  pP.  Data  was  normalized  in  such  a  way  that 
depth  determination  was  essentially  based  upon  coherence.  The  depth 
was  determined  correctly  for  only  one  of  the  four  earthquakes  processed. 
That  event  is  «hown  on  the  first  figure.  An  event  for  which  the 
processing  failed  is  shown  in  Figure  2.  It  is  worth  mentioning  that 
all  four  earthquakes  had  depths  restricted  by  USCfiflS  based  upon  depth 
phase  observations  at  some  of  their  stations. 

There  is  no  doubt  that  the  performance  of  a  continental  array 
could  be  somewhat  improved.  For  example  the  general  energy  level  as 
well  as  coherence  could  be  utilized.  However  we  have  not  pursued  this 
course.  It  seems  to  us  that  one  can  probably  be  as  successful  as  one 
might  be  using  a  coherent  continental  array  by  searching  through  LASA, 
NORSAR,  smaller  arrays,  and  single  instrument  sites  for  phases  and 
using  the  different  sites  to  corroborate  each  other's  data.  If  this  is 
true  then  the  analysis  can  he  accomplished  without  introducing  an 
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excessive  conpiitat iona I  load.  One  ■i|:ht  even  art::JV  the  radiation 
pattern  prohicns  also  nitigatc  against  a  continental  array  unless 
only  stations  favorably  located  for  a  specific  event  are  included, 
lor  cxanple  it  would  appear  that  the  stations  used  in  Figure  2  are 
liixt  poorly  located. 

n.  qI*  or  si*  detection  using  I.A.SA 

A  discrimination  experiment  using  only  FASA  data  from  1S6  Eurasian 
earthquakes  and  3S  presuned  explosions  was  completed  at  l.incoln  and 
has  been  discussed  in  various  reports,  h'e  wish  to  review  the  results 
of  that  experiment  with  respect  to  depth  determination  using  pP  and 
sP. 

All  events  in  the  population  were  examined  by  an  analyst  for  pos¬ 
sible  depth  phases  (sP  or  pP).  The  analyst  operated  as  follows.  First 
the  best  kASA  beam  waveforms  were  examined  for  any  possible  arrivals 
after  the  initial  P  wave  onset.  Picks  corresponding  to  PeP  tines  were 
discarded.  The  time  corresponding  to  the  largest  amplitude  of  anv 
remaining  picks  was  then  accepted  as  a  candidate  for  sP  or  pP.  The 
analyst  accepted  picks  associated  with  amplitudes  less  than  2St  of  the 
P  amplitude  only  if  he  felt  the  arrival  very  clearly  rose  above  the 
coda  or  noise  level. 

The  above  procedure  was  scrupulously  executed  for  presuned  explo¬ 
sions  as  well  as  for  earthquakes.  As  a  result  erroneous  depth  phases 
were  attributed  to  three  explosions  in  the  population.  Two  of  these 
were  complex  Novaya  Zenlya  events  with  many  apparent  secondary  arrivals, 
some  as  large  as  0.8  of  the  initial  P  asq>litude.  The  third  event  was 
quite  simple  and  will  be  shown  subsequently.  The  danger  of  accepting 
apparent  depth  phases  at  LASA  as  unequivocal  evidence  of  depth  for 
discrimination  is  obvious.  Corroborating  evidence  from  other  sources 
should  be  required  in  order  to  avoid  the  incorrect  classification  of 
an  explosion  as  an  earthquake. 

The  analyst  accepted  depth  phases  for  S8t  of  all  the  earthquakes 
in  our  data  base.  This  is  just  slightly  less  than  the  acceptance  rate 
for  the  SSt  of  all  earthquakes  in  the  data  base  which  were  also 
reported  by  IJSC8CS.  For  that  subset  of  earthquakes  depth  phases  were 
attributed  to  631  of  the  events  by  the  analyst. 

If  events  restrained  to  33  km  by  USC8GS  are  excluded  from  consid¬ 
eration  there  are  41  earthouakes  in  our  population  to  which  we 
attributed  depth  phases  and  which  were  reported  by  USC4GS.  Given  the 
available  data  it  is  difficult  to  precisely  evaluate  the  success  of 
the  depth  determinations  made  using  LASA  beams.  There  were  only  two 
cases  (LASA  pP  depth  "  29  km,  USC8GS  depth  •  87  km;  LASA  pP  depth  ■ 

80;  USCfiGS  depth  •  10)  in  which  there  is  virtually  no  dount  that  the 
LASA  phase  was  neither  pP  nor  sP.  There  are  about  30  cases  in  which 
it  is  most  reasonable  to  assume  that  the  LASA  phase  was  either  pP  or 
sP.  The  remaining  events  are  ambiguous  at  best.  Thus,  for  earthquakes, 
between  "01  and  US*  of  the  possible  depth  phases  picked  on  SPLP  beams 
corresponded  to  either  sP  or  pP.  This  implies  that  sP  or  pP  vas 
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correctly  picked  for  between  421  end  S7t  of  all  the  eartht|iiakcs  in 
our  population. 

C,  dP  and  aP  detection  using  LASA  and  XOHSAR  jointly 

Short  period  NORSAR  data  froa  eleven  elenents  distributed  over  a 
20  kn  aperture  was  available  for  a  nunber  of  the  events  included  in 
our  previously  aentioned  LASA  discriaination  experinent.  The  NOKSAK 
data  froa  a  total  of  41  earthquakes  and  six  presumed  Soviet  explosions 
which  had  previously  been  processed  at  LASA  have  been  considered  to 
estiaate  the  degree  to  which  two  large  arrays  can  be  used  jointly  for 
depth  deterainations.  leans  were  foraed  using  the  eleven  available 
sensors  at  NORSAR  and  an  analyst  identified  possible  depth  phases  on 
those  beans.  The  presuaed  explosion  which  showed  a  possible  depth 
phase  at  LASA  was  not  in  this  population.  However,  a  different  pre- 
suaed  explosion  showed  a  possible  depth  phase  at  NORSAR  which  was  not 
corroborated  at  LASA. 

The  following  table  is  a  suaaary  of  depths  implied  by  depth  phase 
picks  for  the  37  earthquakes  for  which  either  site  showed  a  provisional 
depth  phase.  The  depth  shown  is  that  which  follows  from  assuming  that 
the  phase  was  pR.  If  the  phase  were  sP.  the  depth  would  be  reduced 
by  a  factorof  roughly  2/3.  A  zero  entry  indicates  no  depth  phase  was 
picked  by  the  ^ulalyst.  Events  in  the  table  have  been  identified  as 
showing  good.  fair,  or  poor  agreenent  between  the  LASA  and  NORSAR  depths. 
Good  or  fair  agreenent  was  obtained  for  S4  percent  of  the  events, 
Conparison  with  USCIGS  events  indicate  that  tone  events  with  poor  agree* 
aent  probably  have  a  correct  depth  phase  picked  at  one  or  both  sites. 

In  passing  we  night  note  that  for  this  population  provisional  depth 

£  bases  were  picked  at  LASA  for  73%  of  the  earthquakes  and  for  83%  at 
ORSAR.  This  is  significantly  higher  than  the  601  at  LASA  for  the 
parent  population  of  1S6  earthquakes. 

Extrapolating  to  a  systen  using  two  large  sP  arrays  and  several 
snaller  arrays  or  high  quality  single  sensor  sites  our  estimate  is 
that  SO  percent  or  nore  of  earthquakes  can  be  identified  by  depth 
phases  without  erroneously  classifying  any  explosions.  This  could  be 
very  significant,  particularly  at  snail  nagnitudes.  since  many  earth* 
quakes  identified  in  this  way  night  be  troublesoae  events  for  other 
criteria. 

D.  Use  of  depth  phases  in  conjunction  with  other  criteria  for 
discriaination 


Figure  3  shows  a  suite  of  10  earthquakes  and  three  explosions  in 
the  LASA  discriaination  experiment  which  were  incorrectly  or  were  the 
nost  narginally  identified  events  as  judged  by  the  short  period  spectral 
ratio  discrininant.  Our  evaluation  was  that  earthquakes  C.  G.  and  1  were 
incorrectly  identified  and  that,  although  all  presumed  explosions  were 
identified  correctly  that  only  event  3  was  strongly  in  the  explosion 
region.  Our  objective  in  discussing  these  specific  events  is  to 
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dcaonstratc  the  value  of  utilizing  nore  than  one  d i •^cr imi n.i i ,  aiid  in 
particular  sC  depth  phases. 

Hvents,  A,  H,  (!,  I),  (i,  II,  and  2  were  probably  identified  by 
LASA  Mj;  -  1*1,.  I.vcnt  I;  was  incorrectly  identified.  Surface  waves 
could  hot  used  for  the  remaining  fi\*c  events.  I’irst  mrtion,  not  a 
currently  p(.^pular  discriminant,  might  well  he  used  to  correctly 
identify  some  of  the  earthquakes.  Complexity  might  also  be  consideretl 
although  this  criteria,  which  might  be  quite  powerful,  must  be  utilized 
with  considerable  uiidcrstandiiig  and  probably  requires  a  network  rather 
than  a  single  station. 

This  brings  us  to  the  potentially  powerful  role  of  depth  phases 
in  discrimination.  All  of  the  earthquakes  have  possible  depth  phases 
and  several  give  evidence  of  both  pP  and  sP.  In  our  opinion  corrobor¬ 
ation  by  one  or  more  other  stations  would  probably  identify  all  or 
most  of  the  earthquakes. 

Unfortunately  event  2  shows  evidence  of  both  pP  and  sP  at  about 
18  and  27  seconds  respectively.  In  fact  these  arc  probably  peg- leg 
reflections  from  the  Mahorovic  discontinuity  in  the  source  region, 
bven  other  rcseivers  might  lead  one  to  believe  these  to  be  depth 
phases.  Hvent  2  probably  represents  about  the  largest  reflections  from 
an  explosion,  relative  to  P,  that  one  can  obtain  from  discontinuity 
in  the  crust  and  upper  mantle.  Thus,  convincing  apparent  phases  less 
than  10  db  down  from  the  peak  of  P  at  more  than  one  receiver  arc 
excellent  evidence  that  the  event  is  an  earthquake.  This  assumes 
that  no  multiple  explosions  are  being  considered. 

li.  Use  of  phases  other  than  pP.  sP  for  depth  deternination 

The  preceding  discussions  dealt  only  with  P,  pP  and  sP.  However, 
there  are  many  other  phases  available  fer  discrimination  and,  in 
particular,  to  act  as  aids  to  depth  determination.  Figures  4  and  S  show 
a  striking  example  of  this.  Figure  4  shows  a  i-ASA  beam  and  three 
individual  sensors  for  a  P  wnve  f’:om  an  Aleutian  earthquake.  No 
distinctive  pP  or  sP  is  to  be  se'^n  on  that  data.  However,  Figure  S 
shows  the  beam  for  PeP  and  the  same  individt'a!  sensors.  A  depth  phase, 
with  a  reversal  in  polarity,  is  very  clear  on  this  data.  K'c  have 
seen  many  other  examples  where  secondary  phases  can  be  of  considerable 
value  although  we  have  not  yet  completed  any  systematic  study.  Other 
phases  such  as  sSeP  or  pPKKP  can  often  be  detected  and  used. 

We  are  just  beginninf^  to  utilize  some  of  these  other  phases  but 
the  prospects  are  quite  exciting.  These  other  phases  allow  one  to 
see  the  event  from  more  than  one  angle  even  at  a  single  large  array. 

In  a  sense  the  power  of  the  array  is  multiplied  in  this  way.  The 
cumulative  evidence  from  phases  can  be  extremely  valuable  in  the 
same  way  that  the  cumulative  evidence  of  discriminants  and  other 
sites  is  greater  than  the  sum  of  the  parts. 
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I-.  Very  sii.7.llow  Jeptti  Jetcrwinat ton  usimt  spectral  information 

finally  we  wish  to  conncnt  upon  the  prospects  of  depth  dctcrmi- 
nation  in  the  ran(;e  0  to  a  few  kilometers  usinc  short  period  spectral 
iiifornat  I  on.  An  experiment  has  been  performed  usinc  cepstral  analysis 
for  four  presumed  explosions  recorded  at  five  different  global  array 
sites.  The  raw  spectra,  for  beams,  is  shown  in  Figure  6.  The  vari¬ 
ability  of  the  data  betv;een  sites  is  considerable.  Various  notches 
in  the  spectra  were  reconfirmed  by  cepstral  analysis.  Delays  inferred 
from  this  analysis  are  shown  in  the  foT owing  table. 


DHI.AVS  l\I-hRRi;i)  FROM  MAXIMA  IX  COMPUTIil)  CIIPSTRA 


I.ASA  njj 

No. way 

Australia 

India 

Canada 

LASA 

5.3 

So  data 

0.4 

0.0 

0.4 

0.5 

5.4 

0.0 

0.3 

0.4,  0.8 

0.7 

0.4, 

5.b 

0.0 

0.4 

No  data 

0.7 

0.5 

0.1 

0.5 

0.4,  0.9 

0.5 

0.6 

0.5 

The  cepstral  results  do  mot  appear  to  be  definitive.  Although 
the  values  obtained  are  reasonable,  the  variation  between  sites  is 
greater  than  can  be  accounted  for  by  the  variation  of  the  angle  of 
incidence.  Also,  assuming  the  overburden  velocity  to  be  unchanged,  an 
increase  of  i  with  magnitude  might  be  expected,  since  increased  mag¬ 
nitude  usually  means  increased  depth,  but  is  not  evident  from  these 
data.  Finally,  at  Norway,  Australia,  and  I.ASA  the  values  of  t  seem  to 
remain  rather  constant,  indicating  a  possible  array  site  effect,  while 
at  Canada  and  India  such  constancy  is  not  observed. 

It  is  our  general  feeling  that  such  work  may  be  of  scientific 
or  intellectual  value  hut  is  not  likely  to  be  important  to  discrimi¬ 
nation.  Notche ’•  in  spectra  ?rc  so  common  that  the  presence  of  one 
in  the  range  which  implies  a  reasonable  burial  depth  for  an  explosion 
is  not  good  evidence  that  the  event  is  an  explosion.  Also,  we  would 
like  to  comment  that  the  physics  of  waves  in  the  source  region  is 
very  poor!v  understood  and  it  is  not  clear  that  a  simplistic  ray 
theory  viev;  of  a  surface  reflection  from  explosions  is  justifiable. 
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ABSTRACT 


The  i’•K;lve  displacement  spectra  of  the  underground  explosion 
MII.KOh’  and  I.ONC  SHOT  are  compared  to  those  of  four  shallow  earthquakes 
of  comparable  bod>**wave  magnitude  (mb)  in  the  Aleutian  Islands,  the 
spectral  data  (0.4  <  T  ^  40  sec)  have  been  obtained  from  three  vertical 
instruments  at  RasaUenaV  approxinately  SO*  from  the  epicentral  region 
common  to  six  events.  A  \ova)*a  Zeralya  explosion  of  .omparable  mb  ''^as 
also  analysed.  The  peak  spectral  amplitude  for  the  earthquakes  occurs 
at  periods  approximately  ten  times  larger  than  for  equal  mb  explosions, 
indicating  that  earthquakes  have  source  dimensions  roughly  ten  times 
larger  than  explosions,  for  T  l.S  sec  the  spectra  for  both  types  of 
events  arc  comparable,  with  respect  to  both  absolute  level  and  rate 
of  decay  (u"*!)  with  increasing  frequency.  The  explosion  spectra  peak 
sharply  in  the  interval  2  sec  >  T  ^  1  sec  and  decay  as  u  for  longer 
periods.  The  earthquake  spectra,  however,  continue  to  increase  to  a 
iong'period  level.  This  spectral  behavior  at  long  periods  suggests 
that  for  explosions  an  exponentially  decaying  pulse  may  he  a  better 
approximation  for  the  source  time  function  than  a  step.  The  greatest 
differences  in  spectral  amplitudes  occur  at  periods  longer  than  3  sec. 

The  observed  differences  kn  the  P-wavc  spectra  provide  a  diagnostic 
method  for  discriminating  between  earthquakes  and  underground  explosions. 


INTRODUCTION 


A  characteristic  feature  of  the  P*wave  clisplacct^cnt  spectrum  for 
a  scisaic  event  is  the  frequency  at  whidi  the  aaplitudc  spectral 
density  is  largest.  This  peak  frequency  (vo)t  which  marks  the  center 
of  the  band  of  useful  seismic  information,  varic*  with  magnitude  and 
ranges  for  earthquakes  from  2  Hz  at  magnitude  1  ^Kyss,  1970a)  to 
0.033  Hz  at  magnitude  8  (Kasahara,  19S7).  Vq  can  be  related  to  the 
source  dimension  through  the  equation  Vq  -  c  ,  where  i'  is  clastic 
wave  velocity,  r  is  source  radius  and  c  is  a  constant  of  order  1 
and  depends  on  the  particular  source  model  assumed  (e.g.  Sharpe,  1942; 
Kasahara,  1957;  Arenambeau,  1964;  Berchkhemer  and  Jacob,  1968;  Brune, 
1970).  Most  of  the  seismic  energy  is  contained  in  frequencies  near 
Vq. 


For  frequencies  larger  than  vq,  the  amplitude  spectral  density 
must  decay  at  least  as  fast  as  u'Y,  y>1»  so  that  the  energy  integral 
is  bounded.  Typically  the  spectra  of  seismic  events  fall  off  as  u~2. 
This  portion  of  the  spectrum  gives  information  only  about  the  rise 
time  of  the  source  time  function. 

At  low  frequencies,  the  amplitude  spectrum  depends  strongly  on 
the  source  time  function.  For  a  step  function  which  may  be  taken  to 
represent  an  earthquake  source  time  function,  the  long-period  spectral 
amplitude  level  is  flat  and  can  be  related  to  the  stress  drop  t  or 
moment  (Aki,  1966).  For  an  explosion,  a  more  realistic  pressure 
source  time  function  may  be  p  <•  p^  e*<>t  (Sharpe,  1942);  for  t>>  a‘% 
the  pressure  on  the  surface  of  the  equivalent  cavity  should  return  to 
zero  unless  a  permanent  change  of  elastic  stress  in  the  medium 
occurred.  The  spectra  resulting  from  sources  with  the  above  tine 
functions  are  given  in  Figure  1.  In  the  limit  of  a  »  0,  the  spectrum 
will  be  that  of  a  step  function  source. 

On  the  basis  of  the  preceding  discussion,  the  spectral  differences 
between  earthquakes  and  explosions  should  be  greatest  in  the  frequency 
range  v  <  Vq.  For  v  >  Vq,  the  spectra  nay  be  expected  to  be  similar, 
reflecting  only  minor  differences  in  the  rise  time  of  the  source  time 
function.  For  earthqua'xes  of  mb  ^  vp  may  be  expected  to  be  less 
than  0.3  Hz  (tfyss  and  Brunt,  1968;  Liebermann  and  Porieroy,  1970). 
Therefor#,  in  this  study  we  have  concentrated  our  attention  on  the 
frequency  band  0.04  to  1.0  Hz.  Traditionally,  little  interest  has 
been  directed  towards  body  waves  in  this  band.  Previous  efforts  have 
concentrated  on  frequencies  higher  than  0.3  Hz  Ce.g.  Matumoto  and 
Boucher,  1966;  Lacoss,  1969;  Bakun  and  Johnson,  1970).  The  only 
studies  of  the  spectra  of  shallow  earthquakes  with  frequencies  smaller 
than  0.3  cps  have  been  Kasahara  (1957),  Wu  (1968),  Wyss  (1970b,  c). 

The  only  information  available  to  us  for  underground  explosions  in 
this  frequency  range  is  a  short  remark  and  Figure  2.7  in  the  SIPRI 
(1968)  report,  where  Pasechnik  suggested  that  marked  spectral 
differences  exist  between  earthquakes  and  explosions  in  the  fre¬ 
quency  range  0.2  to  0.5  Hz.  The  reason  for  the  small  interest  in 


the  lent:  periods  was  i;round  noise  and  instrument  noise.  The  ground 
noise  has  a  strong  peak  at  frequencies  around  0.16  ilz  (ftrune  and 
Oliver.  r.)59:  Brune,  in  preparation),  the  refion  in  which  the  peak 
frequenc)'  of  a  na^^nitude  4  to  S  earthquake  is  expected  to  fall.  At 
longer  periods  the  ground  noise  is  snaller  but  instrument  noise  has 
been  a  probtem.  New  long  period  instruments  remove  this  obstacle 
(I’oncroy  et  al,  1969;  Block  and  Moore.  1970)  and  allow  us  to  study 
surface  waves  as  well  as  body  waves  with  10  to  100  sec  periods. 

jtata 

lour  Aleutian  earthquakes  of  comparable  ni)  to  LON'C  SHOT  and 
MII.KOK  were  selected  for  comparison  of  P"wave  spectra.  Their  epi¬ 
centers  are  within  160  kn  to  400  km  of  the  shot  points  of  LO>K'i  SHOT 
and  MII.KOW  (Table  1).  The  seismic  recordings  used  were  obtained  at 
Pasadena  and  Tinenaha,  California.  Spectral  differences  of  the  P-pulse 
should  reflect  differencies  associated  with  the  source*  since  the  wave 
paths  are  the  sane  for  all  events. 

The  P-wave  spectra  for  the  explosions  and  earthquakes  were 
obtained  from  three  vertical  instruments  with  different  response 
curves  operated  at  Pasadena.  The  magnification  curves  of  these 
instruments  are  given  in  Figure  2.  bach  instrument  furnished  a 
spectrum  in  a  frequency  hand  close  to  its  peak  magnification  and 
containing  only  period's  that  could  be  resolved  with  the  standard 
paper  speed.  The  analysis  would  be  facilitated  if  broad  band 
instruments  of  the  Kirios  type  (Figure  1)  or  Block  and  Moore  (1970) 
type  were  available.  The  characteristics  of  the  different  instruments 
used  and  the  data  par:iineters  are  given  in  Table  2. 

The  spectra  of  the  three  different  instruments  have  been  combined 
on  one  graph  to  show  the  composite  P-wave  spectrum  for  periods 
between  0.4  and  40  sec.  The  data  (uncorrected  for  attenuation)  for 
NILROW  and  LON'C!  SHOT  are  given  in  Figures  3  and  4*  and  for  earthquakes 
in  Figures  S  to  8.  The  spectral  densities  match  well  in  regions 
of  instrument  overlap.  As  well  as  indicating  good  instrumental 
calibration,  the  matching  indicates  that  problems  arising  from 
finite  sample  lengths  are  not  adversely  affecting  the  spectral  analysis. 
The  spectra  of  a  Novaya  Zemlya  explosion  recorded  at  Pasadena 
(distance  approximately  73*)  is  given  in  Figure  9  for  comparison. 

For  the  earthquake  of  20  February  19S8*  the  long  period  vertical 
component  at  Pasadena  was  off  scale.  The  NS  component  was  analyzed 
instead.  The  spectral  densities  obtained  from  this  record  have  been 
corrected  for  the  angle  of  emergence.  For  the  explosions  the  long 
period  portion  of  the  signal  was  smaller  or  equal  to  the  noise.  The 
spectral  density  of  the  noise  is  iiidicated  by  arrows  in  Figure  4. 

For  I.ONTi  SHOT  the  spectrum  was  obtained  from  recordings  at  Tinemaha* 
California.  The  absolute  magnifications  at  this  station  arc  not  known. 
Therefore  an  arbitrary  scale  was  used  in  Figure  4. 
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Discussion 


The  spectra  (not  corrected  for  attenuation)  of  four  analyzed 
earthquakes  are  cot^nared  to  the  spectrum  of  MILKOK  in  I  inures  5  to  8. 

It  is  evident  that  the  peak  frequencies  are  different  by  approximately 
an  order  of  mafinitude.  The  difference  shows  up  clearly  in  the  seismic 
recordings  of  the  long-period  Benioff  instruments  also  shown  in  these 
figures.  The  different  positioning  of  the  peak  frequencies  constitutes 
a  major  spectral  difference  between  the  two  sets  o'  data,  suggesting 
source  dimensions  an  order  of  magnitude  larger  fo?  earthquakes  than 
for  explosions.  In  Figure  10,  the  attentuation  corrected  spectra  of 
the  earthquakes  are  compared  to  the  MILROW  spectrum.  The  dimensions 
of  the  sources  were  estimated  from  the  peak  frequencies  of  the 
Q-corrected  spectra  and  are  given  in  Table  3.  For  Mil.KOK  this 
estimate  was  obtained  from  Sharpe's  (1942)  model,  lor  the  earth¬ 
quakes  Bruno's  (1970)  relation  of  turn- frequency  to  source  size  was 
used  after  substituting  P-wave  velociry  for  S-wave  velocity.  The  same 
differences  in  source  dimensions  between  earthquakes  and  explosions 
have  been  noted  previously  by  K‘ysa  and  Brune  (196B),  Liebermann  and 
Pomeroy  (1970),  and  Wyss  (1970d). 

The  shape  of  the  earthquake  spectra  are  very  similar  to  each 
other  but  markedly  different  from  thn  explosion  spectrum.  At  the  high 
frequency  end  the  unccrrected  spectra  look  more  or  less  alike.  After 
the  Q-correction  (following  Julian  and  Anderson,  1968)  was  made 
(Figure  10)  the  larger  high  frequency  content  of  the  explosion  is 
more  obvious,  but  all  spectra  fall  off  as  towards  higher  fre¬ 
quencies.  This  indicates  that  all  the  sources  have  time  functions 
that  rise  from  zero  to  the  peak  value,  in  times  small  compared  to  the 
shortest  periods  analyzed.  At  low  frequencies  the  earthquake  spectra 
are  more  or  less  flat  to  0.02  Hz,  except  the  smallest  6f  the  earth¬ 
quakes,  June  2,  1966.  This  spectral  behavior  with  a  flat  long  period 
part  corresponds  to  a  step  function  at  the  source.  The  explosion 
spectrum  behaves  differently.  It  decays  rapidly,  at  least  as  u,  from 
the  peak  value  towards  lower  frequencies.  In  the  band  0.1  to  1  Hz, 
the  earthquake  and  explosion  spectra  differ  completely,  the  first 
drops  as  whereas,  the  second  increases  linearly  with  increasing 
frequency.  The  pronounced  drop-off  of  the  P-wave  spectra  for  explosions 
at  frequencies  less  than  the  peak  frequency  constitutes  a  second 
major  difference  between  the  spectra  of  explosions  and  earthquakes. 

The  fact  th’.t  the  explosion  spectrum  is  poor  in  low  frequency 
spectral  amplitudes  compared  to  earth<:juakes  has  to  be  explained  by 
a  difference  in  the  source  function.  Ti^e  simplest  approximation  is 
to  follow  Sharpe  (1942)  and  consider  the  source  time  function 


P 


-at 
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acting  at  the  surface  of  an  equivalent  cavity  with  an  infinite  elastic 
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medium.  It  can,  however,  be  expected  that  the  free  surface  and 
perhaps  "rinKing"  of  the  equivalent  cavity  will  enhance  the  spectra 
near  the  peak  frequency.  A  theoretical  spectrum  was  fitted  through 
the  explosion  data  using  Sharpe's  (1942)  result  (Figure  3)  the  radius 
of  the  equivalent  (elastic)  cavity  of  MILRON  is  1.2S  km,  a  in  (1) 
is  approximately  .4  sec'l.  This  value  is  larger,  i.e.  the  time 
function  is  sharper,  than  vaj^ucs  found  by  surface  wave  analysis  for 
two  smaller  explosions  (Toksoz  et  al,  1964). 

Stress  drops 

From  the  estimated  source  dimensions  and  the  seismic  moments 
given  for  three  events  by  Wyss  (1970c),  one  can  obtain  the  average 
dislocation  and  the  stress  drop  associated  with  the  three  earthquakes. 
These  parameters  are  given  in  Table  3.  Since  the  stress  drop  is  a 
lower  bound  of  the  acting  stress  in  the  source  region  it  is  of  interest 
to  compare  these  values  with  values  from  other  regions.  In  vie«.'  of 
pending  nuclear  tests  in  Amchitka  it  would  be  alarming  if  stress 
drops  in  this  region  should  be  unusually  high^  possibly  indicating  a 
large  total  stress  in  the  region.  The  stress  drops  derived  for  the 
studied  events,  however,  are  comparable  with  values  of  equal  magnitude 
events  in  other  regions  Hfyss  (1970b). 
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CONCLUSIONS 


Discrimination  of  underground  explosions  and  earthquakes 

The  data  suggest  that  there  are  two  potentially  useful  diagnostic 
features  of  the  P-wave  spectra  for  earthquakes  and  underground  explo¬ 
sions  of  comparable  mij  from  the  same  geographic  and  tectonic  region. 

The  first  criterion  is  that  the  peak  frequency  for  the  explosion  is 
almost  an  order  of  magnitude  greater  than  the  corner  frequency  of 
the  earthquake  spectra.  Equivalently,  the  source  radius  of  an  explo¬ 
sion,  as  determined  from  the  spectral  data,  is  approximately  an  order 
of  magnitude  less  than  the  earthquake  dimension.  (See  also  Wyss,  1970d; 
Liebermann  and  Pomeroy,  1970).  Since  the  peak  frequency  is  not  generally 
known  beforehand,  it  is  necessary  to  obtain  as  complete  a  spectral 
curve  as  possible.  The  ratio  of  amplitudes  at  any  predetermined  fre¬ 
quencies  need  not  reflect  the  maximum  spectral  differences.  One  should 
also  bear  in  mind  that  the  peak  frequency  can  be  shifted  by  decoupling 
and/or  lengthening  the  time  duration  over  which  the  explosive  pulse  is 
operative. 

The  second  diagnostic  feature  is  the  pronounced  decay  of  the 
explosion  spectra  for  frequencies  less  than  the  peak  frequency,  in 
contrast  to  the  earthquake  spectra  which  remains  flat  below  Vq.  These 
spectral  features  at  low  frequencies  are  most  readily  interpretable 
in  terms  of  different  source  time  function  for  the  two  events  --  a  step 
function  for  earthquakes  and  an  exponentially-decaying  step  for  explo¬ 
sions. 

The  observed  behavoir  of  the  P-wave  spectra  at  low  frequencies 
agrees  well  with  the  data  of  Molnar  et  al  (1969)  on  the  spectra  of 
'urface  waves  between  20  and  SO  sec  for  earthquakes  and  explosions  in 
western  United  States.  Their  data  show  that  the  spectra  for  explosions 
decay  more  rapidly  with  decreasing  frequency  than  do  the  earthquake 
spectra.  Molnar  et  al  (1969)  also  interpret  the  differences  in  the 
spectra  as  representing  differences  in  the  source  time  functions  of 
the  two  types  of  events. 

It  is  interesting  to  note  from  Table  1  that  some  of  the  earthquakes 
studied  here  may  be  as  deep  as  40  km.  Tsai  (1969)  and  Tsai  and  Aki 
(1970)  have  pointed  out  that  earthquakes  of  these  depths  exhibit  surface 
wave  spectra  with  pronounced  minima  due  to  destructive  interference 
(holes)  in  the  period  range  studied  by  Molnar  et  al  (1969).  These  holes 
can  make  it  difficult,  if  not  impossible,  to  apply  the  surface  wave 
spectral  ratio  discriminant  to  all  events.  However,  the  criteria  pre¬ 
sented  in  this  study  of  P-wave  spectra  enable  us  to  discriminate 
between  explosions  and  earthquakes  of  40  km  depth. 
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MAGNIFICATION 


Figure  3b.  Attenuation  corrected  amplitude  spectrum  for  MILROW. 

The  dashed  curve  is  a  fitted  theoretical  spectrum 
after  Sharpe  (1942)  with  a  =  0.4  sec"^. 
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Figure  5.  Amplitude  spectrum  of  an  Aleutian  earthquake  compared 
to  the  amplitude  spectrum  of  MILROW,  both  recorded  at 
Pasadena. 
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Figure  6.  Amplitude  spectrum  of  an  Aleutian  earthquake  compared 
to  the  amplitude  spectrum  of  MILROW,  both  recorded  at 
Pasadena.  (See  Figure  5.) 
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Figure  7.  Amplitude  spectrum  of  an  Aleutian  earthquake  compared  to 
the  amplitude  spectrum  of  MILROW,  both  recorded  at 
Pasadena,  (See  Figure  6). 
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Figure  9.  Amplitude  spectrum  of  a  NOVAYA  ZEMLYA  test  recorded  at 
Pasadena. 
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•TAKE  1.  S«il«ct«d  S«ts«iite  Events 
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73. 4N 

s^.Ai: 
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6.6 

1.  U.S.  Co«9t  «nd  G90d«tle  Survey  reports 
9.  Detenrlnod  from  Psssdcns  seisoofrst^s 

3.  Li»b0mann  and  Pemro}/  (1969) 

4.  Atonic  Energy  Connisslon  press  release  of  October  27,  19C6,  annouriclng 
Soviet  test  in  northern  testing  area  of  .'tOVAYA  ZEKL!’A. 
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AT  SHORT  (SOO  •  6C0  kn)  AKli  VERY  SHORT  DISTaN'CKS 
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Kanne  of  invc>tii*ation»  untler  prosent  contract 

Tour  arean  of  stU’l)f  ara  in  proKrai^^ 

1.  I*  wave  apcctral  dUcrinlnanta  at  anall  nacnitudes  and  Abort 
diatancta. 

2.  I*  wave  atructure  a)fntheala  including  nultlple  arrivals  at 
abort  distance. 

3.  I*|,/Nayleigb  ratios  for  snail  events  at  abort  distances 

4.  Close-in  neaaurenents  of  accelerations  fron  large  N‘TS  shots 
and  afterevents  for  source  paraneter  studies. 

ItkK  data  for  eartbauakes.  esnloslcns.  and  aftershocks  at  SOO-bOO  in 

With  nuclear  tests  of  ni,  •  0  the  phenonena  of  associated  after¬ 
shocks  (as  opposed  to  the  comion  cavity  collapse),  faulting  sone  10*  kn 
fron  the  shot,  and  inplled  strain  release  (regional  or  shot- Induced) 
becaiie  of  Interest,  berkeley  (iIRK)  broadband  selsnlc  data,  recorded 
sone  SOO-600  kn  fron  NTS,  with  extensive  tape  library  flies  of  past 
events,  were  studied  to  nake  general  conparlsons  of  the  various  selsnlc 
events.  Nesults  can  be  stated  through  the  acconpinylng  suite  of  figures. 

Mgure  1  contrasts  afterevent  activity  of  the  largest  Pahute  Mesa 
shots.  i-Tgure  2  shows  their  locations.  Much  discussion  has  centered 
around  the  relative  "earthquake"  conponent  of  these  large  sources. 

1‘lgures  3-0  conpare  events  In  various  ways,  presunahly  establishing 
a  naxlnun  tine  duration  of  "earthquake"  conponents  in  the  sources. 

I'igure  3  conpares  explosion  and  collapse  Kayleigh  wave  pairs  at  HKK 
for  several  shots.  These  are  aligned  on  the  i*n  arrival,  clearly  recorded 
on  our  high  gain  .IAS  station.  .Note  the  clear  110  degree  phase  shift 
of  the  collapses  and  the  excellent  correlation,  peak  for  peak,  of  both 
explosion-collapse  pairs  and  anong  explosions  In  the  sane  source  region. 
This  correlation  extends  for  sone  2*  minutes  in  the  wave  train,  down  to 
periods  of  3  or  4  seconds.  Figure  4  compares  four  event* ,  vertical 
components,  broadband  data,  as  further  Illustration  of  the  correlation 
for  events  near  one  another.  The  surface  wave  train,  as  expected, 
correlates  much  better  than  the  body  waves.  Implications  are  that,  to 
a  time  scale  of  about  two  seconds,  the  large  events  have  identical 
source  functions  which  are  very  similar  to  the  collapse  sources  fnre- 
sumably  very  localized).  Figure  S  presents  velocity  spectra  of  the 
same  events.  Close  events  (c.g.  .lorum  and  Boxcar)  show  marked  simi¬ 
larity  all  the  way  to  1  llz.  (P  spectra  will  be  compared  also.)  Fvent 
Pipkin  is  less  than  0.1  the  size  of  Henh.'un,  yet  these  also  compare 
well  (Bcnham  is  lower  frequency)  to  about  0.8  ilz. 

Figure  6  shows  discrimination  parameters  available  in  a  sequence 
of  afterevents  (well  documented)  of  the  Bcnham  explosion. 

In  an  attempt  to  irvestigate  the  .Mg  -  m^  discriminant  at  lov.er 
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mMKtiltuJoi I  iV  anplitUklv  (nt  MKK  or  .IAS,  norpolistU)  iinil  Kaylolgh 
wave  peak  anpiitiiJe:!  (nt  KKK,  ttduatly  In  the  10- IS  noconil  period  range) 
for  varioit<>  evftitst  in  thu  SU0*600  kn  distance  range  fron  gKK  were 
compared,  riunro  the  reitiilt,  Include*  earthquake*  In  Oregon,  Nevada 
(off  ST^),  and  i.n 1 1  fornta,  NTS  exploiion*,  colUpae*,  and  explosion- 
induced  nfteohock^  to  the  Unit  of  the  hKK  surface  wave  detection 
threiihold. 

Clenrlv,  the  ha- 1*  for  dUcrlnlnatlon  is  Indicated,  It  I*  Inter- 
esktinc  that  vvMap!«e«i  are  aUo  separated  fron  explosions,  probably 
due  to  their  relatively  weak  l*-wavo  generation  and/or  very  shallow 
source  depth-. 


rie-e-tn  wea-urenents  for  doruw  and  llandlevt 

I  mure  i  shows  nccelereneter  doploynent  for  tho  dorun  and  Handley 
tests.  Insinnents  are  O.Sg  servoacceleroneters  at  •  kn  recorded  at 
dual  gains  (S.*  dh  separation),  0,02- SO  lU,  on  nagnetlc  tape  at  NTS. 
Despite  tape  recorder  nal functions,  a  large  aneunt  of  data  are  avail¬ 
able  for  tlte»e  events.  The  purpose  of  the  experlnent  was  observation 
of  aslnuthal  va.Matlons  related  to  source  function  asyiwietry  due  to 
possible  contributions  fron  faulting  In  tho  explosion  and  to  nake 
conparlsons  with  the  aftershocks.  The  data  here  presented  are  pre- 
1  Ininary  with  nuch  analysis  ronalning. 

.lonm 

The  tape  recorder  fur  sltc««  1,  2,  3  on  dortai  failed  prior  to 
shot  tine  reducing  azlnuthal  coverage  to  4S  degrees  (Figure  9). 

Figure  10  shows  the  recorded  vertical  and  transverse  data.  Site  effects 
are  severe  In  hoUt  anplitude  and  frequency  content.  Figures  11-12 
present  acceleration  spectra  to  10  llz  for  dorun.  Dlfforoncos  are  great. 
None  I ndi editions  exist  of  n  nintnun  In  the  transverse  spectra  fron  I 
to  2  H:  and  of  variations  in  the  low  'frequency*  lipplo  anong  sites. 
InplieJ  source  durations  greater  than  1-2  seconds,  nowovor,  would 
seen  inpossible  iii  light  of  the  total  signal  duration  of  about  S-S 
seconds. 

Many  aftershocks  were  recorded.  Figure  13  compares  .lorim  with 
throe  large  such  events  typical  of  the  typos  observed.  All  originate 
at  or  very  close  to  the  shot  point.  Z4  (vertical,  site  4)  data  are 
shown.  Figure  14  conpares  spectra  of  these  signals,  showing  the  wide 
variations  observed.  The  explosion  is  richer  in  lower  frequencies  than 
the  nfterevents  (Magnitudes  4-4  3/4).  Figures  15-18  show  azinuthal 
variation  for  a  high-  and  low-frequency  afterevent,  respectively.  Note 
the  wide  variation  in  site  effect  (possible  source  mechanism  differences, 
also),  the  generally  higher  frequency  content  than  Jorum,  and  the  much 
longer  duration  of  the  signals,  iivent  1928  is  not  unlike  in  appearance 
a  low  magnitude  (0>)  in i croearthquake  as  observed  on  the  San  Andreas 
system  in  CilifornTa. 
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Handlty 

Th«  fxptrlNtnt  mm  rtptattd  for  Handlty  (Pliurt  19  with  9  sita- 
tlona  and  proportlonattly  nor#  fallurts.  Mhllt  aitta  1-S  (100  dtKrtyii 
covtratt)  rtcordtd  tht  shot,  only  1-S  functlontd  thromhout  the 
rtcordinf  ptrlod  to  providt  aftortvtnt  data.  Figurta  20«2l  ahow  accvl- 
tratlona  rtcordtd  --  not  unlikt  Jorui  txctpt  for  largtr  acctltrat lona 
(aitt  1  tacttdtd  O.St  on  alluvlun  In  Gold  Flat,  aitta  2  and  4  al«n 
rtachtd  O.Sg  on  tht  Initial  |.ulat).  Figurta  22-25  prtatnt  acctlrration 
aptctra.  Niniaa  and  ripplt  art  again  appartnt,  but  ayattnatlc  varia- 
tiona  with  atiauth  art  not  obvioua.  Ctpatrua  analyata  will  bt  carritd 
out,  though  atrong  aitnal  duration  of  only  about  5  atconda  providta  a 
cltar  conatraint  on  tit  aourct  tint  function. 

Afttrahock  typta  art  ahown  in  Figurt  24,  aptctra  in  I  ir.ur«  25. 

Vary  high  (2015)  and  vary  low  (1110)  frtqutncy  tvtnta  art  prtatnt, 
all  with  aignificantly  longtr  duration  than  liandltyi  IIIN  a  truly 
rtnarkablt  collapat(?)  with  a  long  train  of  vtr?*  alow  (or  latt 
gtntrattd)  aurfact  wavta.  Figurta  20-27  ahow  tht  aval lab It  atinuthal 
covtragt  on  tvtnt  llll.  Tht  low  frt^utncy  wavt  la  cltarly  not  ainply 
a  aitt  tfftct,  apptaring  unifomily  at  all  thrtt  atatioaa.  Tht  trana- 
vtrat  arrival  la  oddly  latt. 

Diacuaaion  • 

Largt  nucltar  ttata  at  Fthutt  Mtaa,  whilt  rtaponaiblt  for  after- 
ahocka  and  diaplactntnta  on  txitting  faulta  at  diatancts  of  acvcral 
Ulontttra,  apptar  to  bt  vtry  localirtd  and  Inpulaivt  iourcea  when 
^ltwtd  fron  I  kn.  ifhilt  analyata  art  not  ytt  conplttt,  there  atena  to 
bt  no  asinuthal  apt.’tral  variationa  appartnt  corrtapondinc  to  aource 
tint-apact  functiona  rtquirtd  for  a  aignificant  ''tarthquake"  type 
fault  rigiturt  conponant  in  tht  aourct.  Thtat  iaplications  arc  auhatan* 
tiattd  by  a  ini lari ty  of  Rayltigh  wavt  aignals  rtcordtd  at  HKK  to 
ptriods  aa  abort  aa  4  atconda  for  ahota  ntar  togtther  at  NTS,  and  by 
tht  sinllarity  of  exploaion  and  collapat  Rayltigh  wavta.  A  ntccssary 
concluaion  fron  thtat  prtlinlnary  data  ia  that  the  ahtar  generation 
(S-  and  Love  wavta)  occura  in  tht  aant  localized  high  stress  source  of 
coaipreaaion  and  that  regional  strain  is  relatively  unimportant  except 
in  providing  a  preferred  orientation  for  failure  in  the  source  region. 

Relative  surface-to-body  wave  generation  characteristics,  differing 
for  explosions  and  earthquakes  at  mb  ■  5,  are  apparent  for  .NTS  events 
and  regional  earthquakes  recorded  at  BRK  (500-600  km)  as  low  as 
detection  allows  observation  (mb  in  range  3.5  -  4.0)  with  conventional 
broadband  tape  recorded  seismographs.  It  seems  resionable  to  assume 
that  such  differences  exist  at  teleseismic  distances. 
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f  icurc  emit*  confiareJ  im  this  stiirfy. 


Figure  4.  Comparison  of  BRK  vertical  broadband  traces  for  Pahute 
Mesa  events. 
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Figure  5a 
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Vertical  spectra  for  Pahute  Mesa  events.  Numbers 
give  peak  spectral  values. 
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FREQUENCY  -  HZ 


Figure  Sb.  0-0.2  Hz  Pahute  Mesa  events  spectra 
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Figure  6.  SuMiary  of  discriainants  for  Benham  afterevent  sequence 
events. 


RAYLEIGH  WAVE  AMPLITUDE 
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Figure  7.  Rayleigh  -  P  (M  -m.  )  relative  for  events  SOO-600  km  from 
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Figure  9.  Field  plan  for  .Jorum 


Figure  10.  Jorum  accelerations  at  8  km 
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Figure  11.  Jorua  acceleration  spectra  at  8  km.  Numbers  give  site 
peak  spectral  amplitude. 
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Figure  12.  .lorum  acceleration  spectra  at  8  km.  Numbers  give  site  - 
peak  spectral  amplitude. 


Figure  13.  Sample  Jorum  afterevents.  .Numbers  are  origin  times 
for  afterevents. 


Figure  14.  Jorum  afterevents  spectra.  Numbers  give  origin  time 
peak  spectral  amplitudes. 


Figure  15.  Azimuthal  variation,  event  Jorum  1928 
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Figure  16.  Aziauthal  variation,  event  Joria  1928 
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Figure  17.  Azimuthal  variation,  event  J1544. 


TRANSVERSE 


Fifure  18.  Azimuthal  variation,  event  J1S44 


Figure  19.  Field  plan  for  Handley. 
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HANDLEY  -  VERTICAL 


Figure  20.  Handley  vertical  acceleration  with  azimuth. 


HANDLEY  -  TRANSVERSE 


li.curo  .1.  Handley  transverse  accelerat  i  ons  with  aiinutii. 
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HANDLEY-  VERTICAL 
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.  Handley  vertical  spectra,  8  km  distance. 


HANDLEY  EVENTS 


Plgurt  2S.  Handley  afterevents  spectra.  Nunbers  give  origin 
tine  •  peak  spectral  anplitude. 
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Figure  27.  Azimuthal  variation,  event  U1818  transverse 


THCTONIC  STRAIN  RELEASE  AND  THE  MONITORING  OF 
UNDERGROUND  NUCLEAR  EXPLOSIONS 


By 

Carl  Kisslinger 
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It  is  known  that  when  an  explosion  is  fired  in  a  solid  mediiun 
under  stress,  the  resulting  seismic  signal  is  altered  from  tliat 
produced  by  a  similar  explosion  in  an  unstressed  medium.  With  refer¬ 
ence  to  the  specific  problem  of  monitoring  underground  explosions, 
the  important  question  is  whether  this  alteration  of  the  signal  can 
make  the  detection,  location,  or  identification  of  the  event  more 
difficult.  The  principal  concern  is  whether  the  concurrent  release 
of  tectonic  strain  energy  at  the  time  of  the  explosion  can  suffi¬ 
ciently  alter  the  seismic  signal  to  make  application  of  identification 
criteria  less  certain.  A  closely  related  question  is  whether  it  might 
be  possible  to  intentionally  place  an  explosion  in  a  tectonic  environ¬ 
ment  in  which  a  large  release  of  tectonic  strain  hy  faulting  would 
occur,  i,e.  a  large  earthquake  would  be  triggered  intentionally,  as 
an  evasion  technique. 

An  ambient  stress  field  will  affect  the  seismic  signal  through 
several  mechanisms.  Of  these,  the  least  important  for  the  present 
problem  is  the  introduction  of  a  small  amount  of  velocity  anisotropy 
because  of  the  stress  dependence  of  the  elastic  moduli.  More  important 
is  the  control  exerted  by  the  ambient  stress  on  the  generation  of 
tensile  fractures.  In  a  homogeneous,  isotropic  unstressed  material, 
thv?  tensile  fractures  that  mark  the  outer  limits  of  non-elastic 
behavior  will  be  distributed  more  or  less  uniformly  around  the  shot 
cavity,  with  essentially  the  same  length,  so  that  the  basic  spherical 
symmetry  of  the  source  is  not  markedly  disturbed.  If,  however,  an 
appreciable  prestress  is  present,  tensile  cracks  in  a  few  directions 
will  grow  to  considerable  length.  Prestress  is  not  the  only  condition 
that  can  result  in  preferential  fracturing.  Planes  of  weakness  resulting 
from  depositional  processes  will  have  a  similar  effect,  especially  in 
surficial  materials. 

A  propagating  tensile  fracture  is  a  source  of  seismic  waves  and 
these  will  be  superimposed  on  the  primary  signal  from  the  explosion. 

This  is  one  mechanism  by  which  S  waves  are  generated  directly  hy  the 
explosion.  The  energy  for  these  waves  is  derived  from  the  expanding 
explosion  products  and  the  role  of  the  ambient  stress  is  primarily 
that  of  determining  the  direction  of  crack  propagation. 

Finally,  prestress  will  result  in  the  production  of  a  seismic 
signal  due  to  release  of  stored  elastic  strain  energy  in  response 
to  the  shot.  One  way  in  which  this  will  occur  is  as  a  result  of  the 
sudden  creation  of  an  enlarged  cavity  in  the  medium.  Another, 
potentially  more  dramatic,  is  the  occurrence  of  slip  on  fault  surfaces 
in  response  to  the  explosion  loading. 

It  is  this  last  effect,  the  triggering  of  a  tectonic  earthquake 
by  the  explosion,  that  is  most  likely  to  cause  difficulty  in  applying 
discrimination  criteria.  However,  a  concurrent  earthquake  can  cause 
difficulty  only  if  it  generates  seismic  waves  comparable  in  energy 
to  those  produced  by  the  explosion  itself.  An  earthquake  with  magnitude 
equal  to  or  exceeding  the  seismic  magnitude  of  the  explosion  has  not 
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yut  been  triKK^'rcd,  but  because  earthquakes  generate  wave  types  and 
put  energy  in  frequency  bands  that  are  not  strongly  excited  by  explo¬ 
sions,  there  is  evidence  from  the  seismic  signals  of  earthquake  gener- 
at  i  on . 

(hir  interest  has  been  directed  to  the  question  of  the  circumstances 
under  which  triggering  will  occur  and  the  environmental  factors  that 
determine  the  extent  of  the  faulting.  The  question  of  the  mechanism  of 
stimulation  of  after-shocks  of  explosions  will  be  omitted  here  as  not 
|)ertaining  very  much  to  the  main  question  of  the  alteration  of  the 
ex|) los ion-generated  signal.  However,  temporal  and  spatial  distribution 
of  aftershocks  docs  convey  important  information  about  the  state  of 
stress  in  the  vicinity  of  the  shot  that  is  important  to  understanding 
the  prompt  release  of  tectonic  energy. 

Of  the  numerous  questions  raised  by  the  available  field  observa¬ 
tions  of  exp losion- induced  faulting,  one  of  the  most  interesting  is 
uliether  the  extent  of  faulting  scales  with  the  yield  of  the  explo¬ 
sion.  The  alternative  is  that  the  action  is  one  of  triggering  such 
that  once  the  yield  exceeds  some  threshold,  rupture  begins  and  its 
extent  is  determined  by  the  ambient  stress  and  strength  of  the 
material  and  is  independent  of  the  yield.  McKcown  and  Dickey  (1969) 
have  published  data  for  I'ahute  Mesa  that  shows  a  straightforward 
relation  of  fault  length  to  yield.  This  dependence,  when  combined 
with  the  absence  of  aftershocks  on  these  faults,  indicates  that  the 
prostruss  is  well  below  that  at  which  slip  would  occur  naturally  and 
the  slippage  is  driven  by  the  stress  pulse  from  the  explosion. 

However,  the  occurrence  of  appreciable  slip  and  of  some  aftershocks, 
especially  after  Hcnham,  is  evidence  that  a  sizable  tectonic  stress 
field  is  present  in  the  rocks  of  I'ahute  Mesa. 

The  fact  that  Boxcar,  Renhan,  and  dorum  all  produced  visible 
surface  faulting  of  about  the  same  extent,  but  only  Henham  produced 
large  numbers  of  aftershocks  has  not  been  explained.  A  possible 
ex|)ianation  is  inherent  in  a  model  of  the  local  structure  that  was 
suggested  by  (iummings  (1968),  Figure  1.  lie  modelled  the  Timber 
Mountain  caldera  as  a  hole  in  a  homogeneous  elastic  plate  under 
uniform  tension,  lie  used  this  model  to  account  for  the  orientation  of 
the  numerous  faults  that  intersect  the  caldera  boundary,  including 
those  in  the  neighborhood  of  the  events  under  discussion.  Though  the 
model  is  undoubtedly  too  simple,  it  does  account  for  the  orientation 
of  the  faults  fairly  well  and  is  a  credible  representation  of  the 
s i t  uat ion. 

In  this  model,  the  large  events  on  Pahute  Mesa  are  located 
roughly  along  the  line  at  right  angles  to  the  direction  of  regional 
tension.  Benham  is  at  about  1.3  caldera  radii  from  the  center,  and 
the  other  shots.  Boxcar,  dorum,  Handley,  and  Greeley  are  at  about 
2  radii  from  the  center.  Because  the  effects  of  the  hole  in  a  pre¬ 
stressed  plate  are  quite  localized,  this  model  calls  for  a  maximum 
tensile  stress  and  a  maximum  shear  stress  at  Benham  about  0.5  times 
that  at  the  more  northern  sites.  Figure  2.  The  gradients  in  stress 
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arc  greater  at  Benham  than  at  the  other  places  also,  l-or  each  kilohar 
of  regional  tensile  load,  the  maximum  tensile  stress  is  1.82  kb  at 
Benham  (almost  twice  the  applied  load)  and  1.22  kh  at  the  northern  site. 
The  corresponding  values  of  maximum  shear  stress  arc  0.73  kh  and 
0.47  kb,  respectively.  The  stress  gradients  at  Benham  are,  for  the 
tensile  stress  O.IS  bar/meter  per  kilobar  of  regional  stress,  and  for 
the  maximun  shear  stress,  0.07  bar/meter.  At  the  northern  sites  the 
corresponding  gradients  are  about  one* fifth  the  value  of  Benham.  Of 
course,  local  inhomogeneitics  may  cause  localized  stress  gradients  over 
short  distances  that  are  much  greater  than  these. 

A  further  point  in  support  of  the  applicability  of  this  model  is 
the  fact  that  the  numerous  Benham  aftershocks  are  concentrated  along 
a  trajectory  whose  direction  is  predicted  by  Gumming,  for  which  there 
was  no  surface  fault,  but  which  connected  known  segments  of  faults. 

In  the  absence  of  more  information  about  the  in  situ  stress  and 
the  strength  of  the  faults  it  is  not  possible  to  j utige  i  T  a  stress 
increase  of  fifty  percent  is  enough  to  account  for  the  difference  in 
response  at  Benham  and  the  other  shots. 

Further  evidence  of  a  difference  in  Benham  and  Boxcar  related  to 
tectonic  strain  release  is  found  in  the  relative  excitation  of  SV 
and  Sll  waves  by  the  two  explosions.  The  horizontal  component  of  SV 
as  observed  at  11  stations  in  the  Western  Hemisphere  is  close  to  the 
same  for  the  two  events.  Sll  amplitudes,  on  the  other  hand,  are 
uniformly  three  to  four  times  larger  for  the  Benham  event  than  for 
Boxcar,  with  about  the  same  period. 

We  are  currently  engaged  in  a  model  study  in  which  a  hole  in  a 
Plexiglas  sheet  simulates  the  caldera  and  small  shots  will  he  fired 
at  points  scaled  to  the  positions  of  Benham  and  Jorum.  A  range  of 
applied  loads  will  be  tested.  The  objective  is  to  determine  the  pattern 
of  fracturing  that  occurs  and  the  effects  on  the  seismic  signal  of 
the  resulting  strain  release. 

Milrow  raised  some  interesting  questions,  in  that  it  produced  so 
few  afterevents  in  a  setting  that  is  known  to  be  highly  seismic.  The 
absence  of  aftershocks  later  than  cavity  collapse  (Engdahl  and  Tarr, 
1970)  and  evidence  of  the  long-term  tectonic  stability  of  Amchitka 
Island  (Morris,  1970;  Anderson,  1970)  indicate  that  the  rocks  of 
that  island  are  under  less  stress  than  those  of  the  Basin  and  Range 
Province.  One  inference  is  that  the  island  is  mechanically  decoupled 
from  the  active  seismic  region  in  which  it  is  embedded.  Anderson 
interprets  "the  deformation  of  the  surficial  rocks  of  the  central 
Aleutian  Ridge  as  related  to  volcanism  and  plutonism,  and  as  such 
the  deformation  does  not  reflect  in  a  first  order  sense  the  regional 
compressional  stress  across  the  arc." 

The  strain  energy  released  in  the  aftershock  almost  certainly 
came  from  the  static  strain  field  produced  by  the  explosion  and 
subsequently  relieved  by  the  collapse. 


Tims,  the  prompt  release  of  tectonic  strain  by  an  explosion  is 
governeil  by  a  number  of  factors  that  can  be  evaluated  in  the  field 
but  have  not  been  adequately  treated  yet.  Th.^se  include  the  magni¬ 
tude  and  orientation  of  the  regional  stresses  and  the  stress  concen¬ 
trations  in  the  neighborhood  of  the  shot  caused  by  the  local 
The  occurrence  of  an  unstable  rupture  that  would  give  rise  to  a  largo 
earthquake  seems  to  require  that  the  explosion  take  place  near  a  fault 
that  is  stressed  almost  to  the  point  of  failure.  In  this  event  the 
identification  of  the  signal  as  coming  from  an  explosion  might  bo 
verv  difficult. 

It  lias  been  recognised  that  surface  wave  magnitudes  from  NTS 
events  are  systematically  larger,  relative  to  mk,  than  those  for  explo¬ 
sions  in  Central  Asia,  Novaya  Zcmlya  and  the  Sahara.  F’or  example,  for 
a  large  Novaya  Zemlya  event,  mjj  =  6.5,  the  ratio  mu:  Mj,  is  1.38.  The 
average  for  two  Central  Asia  events,  m|,  =  6.0  and  5.5,' the  ratio  is 
1.52.  I'or  one  Sahara  event,  m|,  =  5.7,  the  ratio  is  1.32.  For  events 
Creeley  and  Boxcar  the  ratios  are  both  1.18.  0.  N'uttli  has  determined 
shear  wave  magnitudes  and  found  for  these  events  that  the  shear  body 
wave  magnitude  is  close  to  for  all  sites,  the  ratios 
ranging  from  1.02  to  1.13.  The  relatively  high  values  for’ noth  Me  and 
"’shear  •'^^S  events  have  been  interpreted  as  due  to  the  contribution 
of  tectonic  strain  release.  The  contribution  to  the  shear  wave  magni¬ 
tude  from  the  Sll  component  is  very  small  for  most  of  the  events 
examined.  A  detailed  study  of  the  Benham  shear  w'ave  magnitude  is  still 
to  be  done. 
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Figure  1.  Model  of  Pahute  Mesa  -  Timber  Mountain  caldera  tectonics 

after  I).  Gumming,  a  is  the  regional  tensile  stress.  Nuclear 
events  are  designated:  H  -  Handley,  J  -  Jorum,  G  -  Greeley, 
Bo  -  Boxcar,  Be  -  Benham.  The  dashed  curves  are  predicted 
orientations  of  faults. 


THE  RELATION  OF  THE  P  WAVE 
RATIO  TO  FOCAL  MECHANISM 


Nuttli  and  Gudaitis  (1966)  remarked  a  relationship  which  nay 
be  of  advantage  in  multi-azimuth  use  of  long  period  data  in  cxumiiiiiig 
focal  mechanisms.  The  decrease  in  amplitude  of  the  first  half-cyclc 
of  the  P  wave  in  the  neighborhood  of  a  nodal  line  has  already  been 
noted.  However,  for  the  earthquake  of  February  6,  1964,  and  for 
other  earthquakes  studied,  Nuttli  and  Gudaitis  found  that  the  ampli¬ 
tude  of  the  second  half-cycle  of  the  P  wave  remained  relatively 
large  at  all  stations,  even  those  near  nodal  lines.  More  exactly, 
they  found  the  ratio  o^f  the  amplitude  of  the  second  to  the  first 
half-cyclc  of  the  P  moTtion  to  be  almost  constant  for  all  stations 
except  those  near  a  nodal  line,  where  the  ratio  becomes  very  large. 

This  is  illustrated  by  Figure  1,  which  shows  examples  of  the  P 
wave  at  selected  stations.  The  value  of  xy,  or  relative  expected 
first  amplitude,  is  shown  under  each  tracing  of  the  P  motion.  The 
increase  in  A.  as  xy  increases  is  evident.  Also  evident  is  the  varia¬ 
tion  of  A2/A1  with  the  value  of  xy.  For  xy  small  (HNR)  this  ratio  is 
about  S;  at  other  stations,  as  xy  increases,  A2/A1  has  a  constant 
value  of  about  2. 

The  plot  of  the  amplitude  ratios  A2/A2  versus  xy  at  all  stations 
for  the  earthquake  of  February  6,  1964,  is  shown  in  Figure  2.  One 

Eoint  is  off  the  curve.  At  four  stations  the  amplitude  of  the  first 
alf-cycle  was  less  than  the  noise,  and  so  the  ratio  A2/A1  is  inde¬ 
terminate  but  large.  The  amplitude  ratios  at  those  stations  are 
represented  by  vertical  bars,  arbitrarily  taken  to  have  the  value  S. 
The  relation  of  the  amplitude  ratio  A2/A1  to  proximity  to  a  nodal 
line  is  dramatic. 

Several  conclusions  suggest  themselves.  First,  the  ratios  A2/A1 
might  be  used  as  a  rapid  reconnaissance  tool  in  estimating  the 
position  of  nodal  lines.  Or,  this  ratio  might  be  used  as  a  means 
of  refining  a  preliminary  focal  mechanism  solution,  which  was  the 
application  made  by  Nuttli  and  Gudaitis.  Or  routine  observations  of 
the  ratio  A2/A2  at  stations  of  a  world-array  might  be  an  auxiliary 
point  of  information  or  an  identfication  criterion. 
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Figure  1.  Examples  of  P  wave  arrivals  illustrating  the  relation 
between  the  amplitude  of  the  first  half-cycle  and 
the  xy  factor. 


THEORETICAL  MODEL  FOR  EXPLOSION  SPECTRA 


By 

Lane  Johnson 
William  Bakun 


The  objective  of  this  study  has  been  to  construct  a  theoretical 
model  which  suitably  explains  the  compress ional  body  waves  that  are 
radiated  from  a  contained  explosion.  The  theoretical  model  contains 
a  number  of  variable  parameters  which  are  presumabl/  related  to 
physical  processus  at  the  source  and  along  the  propagation  path,  l-'or 
any  given  explosion  the  values  of  these  parameters  can  be  estimated 
by  obtaining  a  least  squares  fit  between  the  spectrum  of  an  observed 
body  waves  and  the  spectrum  of  the  theoretical  model.  Hopefully,  the 
net  result  of  this  approach  is  that  the  seismic  body  wave  can  be 
completely  characterized  by  these  estimated  parameters,  which  arc 
considerably  less  in  number  than  the  points  required  to  represent  the 
signal  in  either  the  time  domain  or  frequency  domain  and  which  arc 
more  directly  related  to  physical  processes  at  the  source. 

In  this  initial  stage  of  the  analysis  we  have  considered  a  very 
simplified  model  of  a  contained  explosion  in  an  clastic  medium.  We 
represent  the  explosion  as  a  pressure  which  is  suddenly  generated 
within  a  spherical  cavity  of  radius  ro  imbedded  in  an  infinite  clastic 
medium.  The  problem  has  spherical  symmetry  so  that  for  outward  pro¬ 
pagating  compressional  waves  the  radial  displacement  at  any  distance 
r  from  the  center  of  the  cavity  is 

Uj.(r,t)  ■  Iy  ^ ) 


where  ^  is  the  reduced  displacement  potential,  t  is  the  reduced  time 


r-r. 


t  - 


and  a  is  the  compressional  body  wave  velocity  in  the  medium.  The 
only  boundary  condition  to  be  satisfied  is  that  the  radial  stress 
at  rp  equal  the  pressure  within  the  cavity.  Following  Favreau  (J. 
Geophys.  Res.,  v.  74,  p.  4, 167*4260,  1960)  we  assume  that  at  t  •  0 
the  pressure  within  the  cavity  junips  to  an  initial  value  P.  There¬ 
after  the  pressure  within  the  cavity  is  related  to  the  volume  of 
the  cavity  (and  thus  the  displacement  Uf  at  r^)  by  assuming  that 
the  explosion  gases  behave  as  an  ideal  adiabatic  gas.  With  this 
assumption  the  boundary  equation  is  easily  solved,  especially  if 
the  equation  is  first  transformed  into  the  frequency  domain.  The 
solution  for  the  Fourier  transform  of  0(t)  is 
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P  is  the  initial  explosions  pressure  within  the  cavity 
Y  is  the  ratio  of  the  specific  heats  of  the  explosion  gases 
a  is  the  compress ional  velocity  in  the  medium 
p  is  tile  density  in  the  medium 
b  is  the  Poisson's  ratio  in  the  medium 


The  I'ourier  transform  of  the  far  field  part  of  the  radial  dis¬ 
placement  is  simply 
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If  we  consider  the  modulus  of  this,  which  is  shown  in  Figure  1  for 
various  values  of  a  and  b,  we  see  that  for  a  ^  1  the  spectrum  will 
have  its  only  maximum  at  w  «  0  and  decay  moniTonically  as  u  increases. 
But  for  a  <  1  the  spectrum  will  have  a  maximum  value  at  some  finite 
(j  given  by 


(jj  =  b  VZa (1-a ) 


In  order  to  explain  the  observed  spectra  we  must  also  take  into 
account  the  effects  of  propagation.  We  have  approximated  the  effect 
of  frequency  dependent  attenuation  along  the  propagation  path  by 
including  the  factor 
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where  T  is  the  travel  time  and  Q  is  the  average  quality  factor  along 
the  path.  /,n  our  calculations  for  P,^  we  have  assumed  a  value  of  400 
for  Q.  The  observed  spectra  are  computed  from  a  time  window  of  2  -  8 
seconds  and  the  signal  generally  consists  of  more  than  one  simple 
pulse.  Wc  have  assumed  that  it  consists  of  an  initial  pulse  followed 
by  n  secondary  pulses  which  are  identical  to  the  initial  pulse  except 
for  an  amplitude  factor  d  and  a  time  delay  At.  The  effect  o/.  these 
secondary  pulses  on  the  spectra  is 

n 

1  ♦  J  d.  exp  (-loAt.) 
i*  1 

Finally,  the  instrument  response,  1(a)),  is  also  taken  into  account. 

The  complete  theoretical  model  for  the  spectrum  is  summarized  in 
Figure  2. 

Given  the  theoretical  model  with  its  variable  parameters  a,  b, 
c,  di,  and  At^  it  is  straightforward  to  obtain  estimates  of  these 
parameters  that  minimize  the  squared  difference  between  the  theo^ 
retical  spectrum  and  any  particular  observed  spectrum.  Figure  3 
shows  the  fit  obtained  for  the  Pn  phase  of  a  particular  explosion, 

PLAID  II.  We  have  taken  Pn  to  be  a  head  wave  and  thus  have  added  an 
additional  l/o)  factor  to  the  theoretical  model.  The  fit  both  with 
and  without  secondary  pulses  is  shown.  It  is  clear  that  the 
secondary  pulses  must  be  included  if  one  is  to  obtain  a  good  fit 
and  meaningful  estimates  of  the  unknown  parameters.  As  a  check 
upon  the  fit  in  the  frequency  domain  we  have  computed  the  time  trace 
corresponding  to  the  theoretical  spectrum  and  plotted  it  along  with 
the  observed  time  trace  in  Figure  4.  Table  1  lists  the  values  of 
the  parameters  a,  b,  and  c  that  were  obtained  from  the  analysis  of 
Pn  from  a  number  of  events. 

The  question  of  how  unique,  reliable,  and  useful  these  estimated 
parameters  actually  are  is  still  being  studied.  The  problem  of 
uniqueness  or  stability  is  present  in  any  non-linear  fitting  process. 
The  presence  of  noise  and  the  limited  frequency  band  in  which  we  have 
useful  data  complicate  this  problem  even  more. 

It  may  be  that  a  combination  of  the  parameters  may  be  more  stable 
or  more  useful  than  the  individual  parameters  themselves.  To  illustrate 
such  an  approach  we  considered  the  quantity  ab^.  Figure  5  shows  this 
quanti ty  plotted  as  a  function  of  magnitude.  Explosions  are  separated 
from  earthquakes  and  there  appears  to  be  some  separation  between 
explosions  in  tuff  and  explosions  in  alluvium.  However,  more  data  are 
required  to  check  out  these  suggestions. 
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Figure  1.  Spectral  modulus  of  the  radial  displacement  from  a 

spherical  cavity  as  a  function  of  the  two  parameters 


Spectrum 


S(a))  ■  F(a))  E(a))  R(a))  1(a)) 

Source: 

F(a))  -  c  [1  -  (a)/b)^/2a  +  l(u)/b)]“* 
a  *  (1  -  2a)/(I  “  a)  +  ^yP/pa^ 

b  ■  a/r^ 

c  -  Pr^  ^  /2apa^ 

Attenuation: 

E(w)  ■  exp  (  -WT/2Q) 

Secondary  Pulses: 

R(‘*’)  ■  [1  +  d.  cos(wAt.)  -  Id.  sln(wAt.)] 

I  I  I  »  j » « 

Instrument: 

I  (“) 


Figure  2.  Sununary  of  the  theoretical  model  used  to  characterize 
the  spectra  of  compressional  waves  radiated  by  a 
contained  explosion. 
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Figure  5.  The  measured  values  of  ab  plotted  as  a  function  of 
magnitude.  The  open  symbols  denote  explosions,  the 
enclosed  crossei.  are  afterevents  of  explosions,  and 
the  asterisks  are  natural  earthquakes.  The  media  in 
which  the  explosion  was  detonated  is  denoted  by  a 
)  square  for  alluvium,  a  triangle  for  tuff,  a  hexagon 

for  rhyolite,  and  a  circle  for  unknown. 


Table  1.  Event  characteristics 


Date 

Event 

Magnitude  Distance  a 

b 

c 

3  Feb  66 

PIAID  II 

4.2 

380 

0.19 

27.2 

1.3 

6  Apr  66 

STUTZ 

>  .1 

385 

0.26 

12.0 

2.8 

12  Sep  66 

DERRINGER 

3.9 

410 

0.13 

42.1 

0.9 

2  Max  67 

RIVET  ni 

3.6 

395 

0.23 

28.7 

0.7 

27  Apr  67 

EFFENDI 

4.0 

395 

0.44 

18.4 

1.0 

7  May  67 

18  01  36 

490 

0.35 

• 

cx> 

1.5 

29  Jun  67 

UMBER 

400 

0.12 

25.5 

0.7 

18  Jan  68 

HUPMDBIIE 

4.2 

395 

0.13 

30.1 

1.3 

26  Jan  68 

CABRIOLET 

3.8 

350 

0.18 

29.5 

0.6 

23  Apr  68 

SCROLL 

4.1 

345 

0.21 

15.0 

10.7 

22  May  68 

13  21  56 

4.8 

390 

0.^2 

74.4 

1.6 

30  Jul  68 

TANYA 

4.1 

390 

0.13 

37.1 

1.7 

22  Nov  68 

TBIDERBOX 

4.1 

395 

0.40 

19.9 

1.0 

21  Dec  68 

00  14  23 

4.3 

360 

0.68 

15.6 

4.0 

l6^Sep  69 

16  23  54 

3.9 

360 

0.12 

21.1 

1.0 

CORE  PHASE  IDENTIFICATION  OF 
EARTHQUAKES  AND  EXPLOSIONS 


By 

W,  F.  Isherwood 


INTRODUCTION 


Stanford  Research  Institute,  with  support  from  ARPA  and  NSF, 
installed  a  four  element  seismic  array  (BYA)  at  Byrd  Station,  beginn¬ 
ing  operation  January  18,  1968.  The  system  is  described  by  Isherwood 
(1969),  The  site  was  selected  to  study  core  phase  arrivals  because 
PKP  waves  have  a  principal  focus  at  an  angular  distance.  A,  of 
approximately  142°  from  the  source  (point  B  in  Figure  1),  and  Byrd 
Station  is  close  to  142°  from  several  of  the  great  seismic  zones  in 
the  Northern  Hemisphere  as  shown  in  Figure  2. 

The  tape  records  from  the  first  two  years,  including  approximately 
1000  core  phase  arrivals,  are  being  analyzed  to  enhance  the  core  phases 
and  to  interpret  them  in  terms  of  the  source  characteristics  and  the 
details  of  the  earth's  core.  Ambient  noise  is  being  studied  to  relate 
it  to  oceanic  and  continental  storms. 

Part  of  the  study  of  source  characteristics  has  shown  that  core 
phases  offer  some  promise  in  discriminating  between  earthquakes  and 
explosions.  PKP  and  PKIKP  can  be  used  in  most  of  the  same  ways  as 
teleseismic  P.  As  pointed  out  by  Bolt  (1968),  they  have  an  advantage 
in  that  PKIKP  has  a  sharp  onset  beyond  A  =  160°.  PKP  has  a  large 
amplitude  with  a  sharp  onset  for  142°  <A<  152°  on  the  BC  branch. 

Bolt  also  notes  that  the  contrast  in  dt/dA  between  the  AB  and  EF 
branches  for  A>  160°  gives  a  PKP2  -  PKIKP  interval  more  sensitive  to 
changes  in  A  than  the  S-P  interval  near  A  =  50°.  An  error  of  0,1° 
in  A  should  be  detectable. 

This  paper  presents  the  preliminary  results  of  our  work  on  core 
phase  discrimination  between  earthquakes  and  explosions.  Examples 
are  shown  for  earthquakes  and  Russian  nuclear  shots  of  first  motion, 
determination  of  depth  from  BC  branch  travel  times,  and  the  sharp¬ 
ness  of  the  PKP2  -  PKIKP  interval. 


RESULTS 


General 

I’KP  arrivals  were  observed  at  Byrd  Station  for  the  range  of  110° 
to  the  antipode.  The  amount  of  energy  transmitted,  however,  varies 
considerably  over  this  range  as  pointed  out  by  Shahidid  (1968).  This 
is  seen  in  both  the  amplitudes  of  arrivals  and  the  quality  of  the 
first  motion  seen. 

Ray-paths  associated  with  the  Gil  branch  transmit  so  little  energy 
that  arrivals  are  seen  only  on  the  largest  of  events  and  even  then 
onsets  are  emergent.  GH  arrivals  appear  to  be  useless  for  discrimi¬ 
nating  earthquakes  from  explosions.  The  maximum  sensitivity  --  or 
lowest  detection  threshold  --  appears  to  fall  on  the  BC  branch,  at 
142°  <A<  1S2°.  Within  this  range  numerous  events  of  (C§GS)  magnitude, 
m^j,  4.5  and  occasionally  less  are  seen  even  on  unenhanced  records. 
Below  142°,  there  appears  a  gradual  dropping  off  in  amplitude  and 
quality  to  ~  110°.  For  example: 


117°  Nevada  Test  Site  (Boxcar)  mj,  =  6.3  Yielded  15  mp  Poor  onset 

147.6°  North-Atlantic  earthquake  mj,  =  4.7  Yielded  40  mp  Good  onset 

Although  data  are  sparse  beyond  152°  for  the  recording  period  observed, 
the  first  indication  is  of  higher  thresholds  again  at  A  greater  than 
160°,  with  AB  arrivals  containing  more  energy  than  DF  ones.  The  gap 
between  152°  and  160°  will  be  discussed  in  more  detail  later. 

The  background  noise  qualitatively  appraised  at  Byrd  lies  mostly 
at  much  higher  frequencies  and  slightly  lower  frequencies  than  the 
PKP  signals.  Signals  at  ~  1  Hz  have  least  competition  with  background 
noise,  which  is  generally  <  1.5  mp  of  ground  motion.  The  main  inter¬ 
ference  arises  from  longer  period  noise,  which  rises  to  ""  30  mp  at 
0.3  Hz  and  may  be  as  high  as  ~  10  mp  at  0.5  Hz  (to  which  frequency 
the  signal  often  extends).  A  higher  amplitude  noise  is  encountered 
when  snow  cats  are  in  operation  in  the  Byrd  Station  area,  which 
occasionally  renders  the  first  playback  useless.  However,  this  noise 
is  regularly  near  5  Hz,  well  out  of  the  signal  band  and  therefore 
subject  to  more  filtering. 

First  motion 

As  for  P,  the  first  motions  of  PKP  events  are  possible  distin¬ 
guishing  characteristics  between  explosions  and  natural  earthquakes. 
Figure  3  shows  onsets  of  arrivals  of  the  BC  branch.  Trace  1  shows 
the  common  case  in  which  explosions  show  a  clearly  compressional  first 
motion.  However,  Trace  2  shows  that  these  are  not  always  clear-cut, 
especially  if  only  one  seismometer  trace  is  examined.  (In  this  case, 
comparison  with  traces  from  the  other  recording  seismometers  showed 
the  true  compressional  onset.)  Although  none  of  the  BC  arrivals  from 
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blasts  examined  showed  clear  dilation,  such  as  shown  on  Trace  3  from 
a  North  Atlantic  earthquake,  onsets  from  events  of  mj^  <  5.0  were 
unclear  from  preliminary  examinations. 

Depth  determinations 

The  sharp  onsets  observed  on  tiie  BC  branch  arrivals  lead  to 
another  distinguishing  criterion  --  depth  of  hypocenter.  Since  I’KT 
waves  travel  along  paths  nearly  normal  to  the  earth's  surface,  differ¬ 
ences  in  arrival  time  vary  more  with  hypocenter  depth  than  for  other 
wave  paths.  For  example,  if  the  true  onset  of  a  PKP  wave  could  he 
determined  to  +  0.5  sec  and  compared  with  an  accurate  time  prediction 
of  a  zero  deptE  event,  the  hypocenter  would  be  determined  to  about 
+  3  km.  (In  practice,  effects  of  local  geology  cannot  be  completely 
iliscounted. )  The  feasibility  of  this  is  examined  briefly. 

Figure  4  shows  the  BC  portion  of  the  travel  time  curve,  bach 
point  plotted  represents  the  travel  time  from  a  single  event,  corrected 
for  the  earth's  ellipticity  and  USCliGS  depth  (using  depth  corrections 
based  on  Bolt,  1968).  Circles  are  earthquakes,  triangles  are  blasts 
(0  km  depth  by  C^GS).  No  "station  corrections"  are  introduced,  sir.ce 
they  would  merely  show  up  as  a  small  constant  on  all  points.  From  a 
total  of  115  arrivals,  a  curve  was  computed  by  a  least  squares  fit. 

The  first  order  fit: 

t  =  19  m  31.07726  sec  +  3.00003  (A  -  142°)  sec 

standard  error  =  0.746  sec. 

is  shown  as  the  figure.  Second  and  third  order  curves  were  also 
calculated  and  are  given  below: 

t  =  19  m  30.749  see  +  3.2447  (A  -  142°)  sec  -  0.0282003  (A  -  142°) 

sec  standard  error  =  0.726  sec. 

t  =  19  m  30.885  sec  +  2.988  (A  -  142°)  sec  +  0.04730  (A  -  142°)^  sec 

-  0.00573871  (A  -  142°) 
sec 

standard  error  =  0.724  sec. 


Because  of  the  small  difference  in  standard  errors,  the  second  and 
third  order  fits  are  not  justified  at  this  time.  The  first  order 
curve  was  used  to  predict  travel  times  for  surface  focus  events  to 
Byrd  Station. 

In  Table  I,  the  results  of  subtracting  these  predicted  times 
from  the  actual  travel  times  without  depth  correction  are  shown. 
The  time  residual  can  be  used  with  tables  from  Bolt  (1968)  to 
recalculate  hypocenter  depth.  The  depths  determined  from  our 
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resuluals  arc  then  compared  with  those  depths  piven  by  the  USC^GS. 

All  those  events,  presumably  explosions,  listed  at  0  km  by  the  USCfiGS 
also  show  times  corresponding  to  depths  within  5  km  of  the  surface 
based  on  the  Byrd  Station  arrival  times.  The  only  other  event  with 
such  a  shallow  depth  determination  is  an  event  at  Lake  Baikal  (A=151°), 
which  the  USCiiGS  similarly  lists  as  4  km  deep. 

The  small  scatter  in  BC  arrival  times  allows  their  use  for  depth 
determination.  The  steeper  penetration  of  the  crust  and  upper  mantle 
may  make  tins  BC  curve  more  valid  as  a  world  average  than  P  travel 
time.  The  errors  sliown  by  Evernden  (1969)  in  depth  determination  from 
average  1’  travel  time  curves  should  be  less  for  PKP. 

Although  some  investigators  have  extended  the  BC  branch  to  155° 
or  farther,  the  sparse  BYA  data  do  not  confirm  extension  beyond  152°. 
The  IJSCiiCiS  sliows  few  earthquakes  at  these  distances;  also  the  detec¬ 
tion  threshold  appears  to  be  higher  for  this  range.  At  the  least,  the 
B(;  arrival  has  lost  its  preeminence  and  the  other  onsets  seen  are  of 
poorer  quality  for  precise  time  determinations. 

At  157°  (Ural  Mountains),  two  surface  events  of  mj^  =  4.9  show 
arrivals  on  the  AB  branch,  whereas  neither  the  DF  arrival  nor  BC 
arrival  is  seen.  The  DF  arrival  was  not  seen  on  any  BYA  records  or 
events  with  m^^  <  5.0. 

Beyond  152°  in  Table  1,  there  is  no  immediate  attempt  to  determine 
hypocenter  depth  from  arrival  times  because  of  differences  between 
oi)served  travel  time  and  published  values  (Bolt,  1968)  of  several 
seconds.  BYA  data  were  too  sparse  to  justify  fitting  a  curve  as  done 
for  tive  BC  branch. 

For  A>  160°,  on  larger  events  were  DF  and  AB  are  both  clearly 
oi)servable,  there  is  another  way  to  determine  hypocenter  depth  that 
is  independent  of  the  USC6GS  origin  time  and  epicenter  solutions. 

Figure  5  shows  the  recording  of  an  explosion  at  Novaya  Zemlya,  173° 
from  Byrd.  The  onsets  of  both  I)F  and  AB  arrivals  are  clear  on  all 
four  seismometers. 

At  A<  160°,  the  slope  of  the  AB  branch  is  many  times  as  steep 
as  tliat  o7  the  DF  branch.  For  example  the  interval  between  these 
branches  is  increasing  at  4.0  sec/degree  at  173°. 

If  the  AB-DF  interval  can  be  picked  accurately  to  0.4  sec,  the 
A  is  determined  to  0.1  degree.  Once  this  confidence  can  be  gained  in 
the  true  A,  the  depth  can  be  determined  by  the  absolute  travel  time 
and  predicted  time  curves. 

The  records  from  events  checked  in  Table  I  have  been  digitized 
by  the  Vela  Digitizing  Center  at  50  samples  per  second.  The  first 
enhancement  of  PKP  was  by  digital  filtering  with  a  bandpass  of  0.33 
to  2  IIz.  Tlie  cutoff  frequencies  were  chosen  by  visual  inspection  of 
tlic  records.  The  improvement  in  arrival  sharpness  is  shown  for  a 
surface  event  from  East  Kazakh  (A  =  149.2),  in  Figures  6  and  7. 


CONCLUSIONS  AND  FUTURE  WORK 


Work  with  recvords  for  the  first  two  years  from  BYA  showed  that 
the  BC  branch  of  PKP  is  sharp  enough  to  be  promising  for  depth  determi¬ 
nation  on  events  with  mb  <  4,8.  A  better  determination  of  threshods 
as  a  function  of  A  will  be  made  by  using  digital  techniques  to  enhance 
arrivals  on  more  records. 

The  EF  and  AB  branches  offer  possibilities  in  depth  determination 
beyond  A  =  160®.  Arrays  in  South  Africa,  Malagasy,  and  Kerguelen  could 
be  used  to  monitor  western  U.S.  earthquakes  and  nuclear  shots  over  a 
range  of  A  to  establish  any  advantages  over  P  depth  determination. 

Arrays  should  be  large  enough  to  determine  dt/dA  as  an  aid  in  separating 
the  various  branches  near  BC. 

Operating  arrays  covering  Asia  could  be  established  in  South 
America  and  New  Zealand,  event  if  only  the  BC  branch  should  have  a 
clear  advantage  over  P  in  depth  determination. 
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NOTIiS  FOR  TABLE  I 


O.T.  -  origin  time  as  calculated  by  USC^OS 

*l;p icc'nter  determination  considered  by  USC^GS  as  less  accurate 
than  others. 

Lat,,  l-ong.  -  as  calculated  by  USC^OS. 

-  body  wave  magnitude  as  calculated  by  USC^OS. 

No.  Sta.  -  number  of  stations  used  in  C^GS  computation. 

A°  -  geocentiic  angle  between  seismometers  and  epicenter  -  average  used 
when  pick  taken  from  more  than  one  seismometer. 

Gomprcss i on/di  1  at i on  -  first  motion  where  noted. 

T.T.  -  absolute  travel  time.  When  two  travel  times  are  listed,  the 
first  is  1)F  and  the  second  is  either  BC  or  AB. 

Ejj  -  ellipticity  correction  -  from  Jeffreys  and  Bullen  1967. 

Period  -  visual  appraisement. 

Amp.  -  peak  amplitude  based  on  instrument  calibration  (two  place 
accuracy  only). 

Digitized  -  X  indicates  digital  records  were  made  (by  Vela  Digitizing 
Center,  Alexandria,  Virginia). 

Residual  for  0  depth.  Predicted  time  minus  travel  time  where  predicted 
time  is  based  on  first  order  least  squares  fit  for  the  BC 
arrivals  (depth  corrected  using  A.  Qamar's  tables  Bolt,  1968 
for  Point  B)  and  travel  times  have  been  corrected  for  earths 
ellipticity. 

Depth  from  Res.  using  A.  Qamar's  tables  (Bolt,  1968)  for  Point  B  C5GS 
depth  -  33  km  is  used  where  CtJGS  considers  "N"  or  normal 
depth. 

No.  of  seismometers  -  the  number  of  seismometers  from  which  the  BYA 
picks  were  made  and  averages  taken.  The  1970  records  are 
generally  only  from  1;  the  helicorder  record.  Others,  2,  3, 
or  4  are  functions  of  playback  equipment  used. 
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Figure  2.  World  map  with  line  at  142'*  i.e.,  B,  the  beginning  of 
BC  branch.  Approximate  locations  of  Russian  events  in 
Eastern  Kazakh  SSR,  Novaya  Zemlya,  Ural  Mt.  Region,  and 
Sourthwestern  Russia  are  indicated. 
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Figure  6.  Event:  June  19,  1968  -  E.  Kazakh  Blast  mb 
No.  6  shows  Sj,  S2,  S3,  S4,  and  sum. 
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LONG  PERIOD  ARRAY  PROCESSING 
DEVELOPMENT  PROGRAM 


By 

T.  Harley 


The  Long  Period  Array  Processing  Development  program  consists 
of  two  phases;  a  software  development  effort,  which  has  been  completed, 
and  a  long  period  array  evaluation  effort,  which  currently  is  in  pro¬ 
gress  for  the  Alaskan  Long  Period  Array  (ALPA)  and  will  bo  conducted 
for  the  Norwegian  Long  Period  Array  (NORSAR)  beginning  later  this 
year.  This  presentation  reviews  the  processing  capability  available 
at  SAAC  and  discusses  preliminary  results  from  ALPA  evaluation. 

During  software  development  an  on-line  data  acquisition  and 
display  package  and  an  off-line  evaluation  package  were  written.  A 
simplified  flow  diagram  of  the  ALPA  on-line  package  is  shown  in 
Figure  2.  This  package,  developed  by  Texas  Instruments,  has  been 
operating  at  SAAC  since  13  February  1970,  Its  primary  functions  are 
data  acquisition,  on-line  beamforming  and  data  display  (on  dcvelo- 
corders).  Raw  data,  beams  and  status  information  are  written  on 
9-track  1600  bpi  library  tapes  for  permanent  retention  at  SAAC. 
Twenty-eight  beams  are  currently  being  formed;  one  vertical  straight 
summation,  three  3-component  S  wave  beams  and  six  3-component  surface 
wave  beams  steered  to  areas  of  interest.  All  beams  arc  rotated  to  a 
V,  T,  R  orientation.  The  beams  can  be  redeployed  if  desired. 

Up  to  18  data  channels  can  be  displayed  on  the  two  develocorders 
at  SAAC.  Any  combination  of  the  57  raw  data  channels  (in  the  triax 
orientation  or  rotated  to  V,  E,  N)  and  the  28  beams  can  be  displayed. 
Channels  to  be  displayed  can  be  changed  if  desired. 

On  about  1  October  1970  the  on-line  data  acquisition  will  expand 
as  shown  in  Figure  3,  The  major  difference  in  this  system  is  that  a 
long  period  library  tape  which  contains  data  from  ALPA,  LASA  (includ¬ 
ing  microbarograph  data)  and  NCRSAR  will  be  generated.  The  ALPA  part 
of  the  system  will  perform  the  same  functions  that  currently  are 
being  executed,  the  LASA  part  of  the  system  will  perform  functions 
similar  to  those  for  ALPA,  the  NORSAR  part  of  the  system  will  record 
raw  data  only.  NORSAR  data  may  not  be  continuous,  depending  on  how 
the  Trans-Atlantic  link  is  utilized.  Both  ALPA  and  LASA  data  will  be 
displayed  on  the  SAAC  develocorders.  This  system  is  being  developed 
by  IBM,  and  uses  a  special  purpose  computer  (SPS)  in  tandem  with  one 
of  the  SAAC  S360/40*s  to  perform  the  data  acquisition,  processing 
and  display 

The  off-line  processing  system,  developed  by  Texas  Instruments, 
is  capable  of  processing  data  from  all  three  arrays.  The  software 
is  designed  so  that  many  events  can  be  processed  on  a  given  run.  The 
analyst  has  control  of  the  functions  performed  and  can  make  processing 
decisions  after  the  execution  of  any  of  the  programs. 

Figure  5  shows  the  general  flow  of  the  off-line  package.  The 
package  consists  of  13  programs;  six  mainline  programs,  3  analysis 
programs  and  4  utility  programs.  The  basic  functions  performed  by 
each  program  are  shown  in  Figure  6.  The  mainline  programs  can  be 
further  subdivided  into  event  selection  and  preparation  (SELECT  and 
QCEDIT),  multi-channel  processing  (NOISE,  MCFGEN,  TDFILT)  and  single 
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channel  processing  and  analysis  (BliAMAN).  All  processing  is  by  com¬ 
ponent  (i.e.,  vertical  from  all  sites,  etc. )f  but  output  beams  can  be 
combined  for  additional  signal  enhancement  in  the  program  BEAMAN. 

Note  that  all  important  intermediate  outputs  from  the  off-line 
package  are  saved  on  magnetic  tape.  This  allows  the  analyst  to 
recycle  his  processing  for  a  given  event  with  a  minimum  of  effort 
and  provides  easily  accessible  input  to  the  analysis  programs 
(NOISAN  and  SIGNAN). 

The  off-line  package  was  used  to  process  a  suite  of  ten  events 
from  the  Southwestern  United  States  A~30°  Azimuth  ~130“).  The  events 
are  listed  in  Figure  7.  During  the  period  covered  nine  ALFA  sites  were 
operational  (designated  by  triangles  in  Figure  8),  however  only  four 
or  five  of  these  sites  could  be  used  for  processing.  Figure  9  summarizes 
the  processing  that  was  performed  for  these  events. 

Of  the  ten  events  used  six  had  identifiable  surface  wave  arrivals 
at  ALFA.  For  two  of  the  four  events  missed  body  wave  magnitudes  were 
not  assigned  by  USC^GS,  the  other  two  events  had  mb  values  of  3.5  and 
4.1.  It  is  emphasized  that  the  data  presented  here  are  very  prelimi¬ 
nary  in  nature  and  involve  just  4  or  5  sites  (the  full  array  will 
have  19  sites).  Thus  these  results  should  not  be  interpreted  as  a 
measure  of  ALFA's  detection  capability. 

Figures  10  and  11  show  average  noise  spectra  at  ALFA  on  three 
different  days.  Note  that  the  horizontals  have  been  rotated  to  an 
orientation  transverse  and  radial  to  the  direction  of  the  single 
associated  with  these  noise  samples,  so  that  the  sensitive  axis  are 
not  north  and  east.  Two  observations  can  be  made  from  these  spectra; 

The  "18-second"  peak  is  quite  variable  with  time* 

The  long  period  (50  second)  noise  level  is  quite  high,  and 

tends  to  be  higher  on  the  horizontals  than  on  the  vertical 

(the  spectra  are  not  corrected  for  system  response). 

The  long  period  noise  level  is  much  lower  (15  to  20  db)  for  these 
samples  than  it  was  in  January  and  February  of  1970,  however  it  is 
still  significant.  It  is  variable  from  site  to  site,  with  sites  3-34, 
2-2  and  1-1  having  the  highest  levels.  An  explanation  for  the  source 
of  the  noise  has  yet  to  be  found. 

Figure  12  shows  the  multiple  coherences  for  four  noise  samples, 
using  site  3-3  as  reference.  Note  that  the  minimum  separation  of  the 
sensors  from  site  3-3  was  35  km.  The  basic  ALFA  spacing  is  20  km,  so 
tliat  higher  coherences  would  be  expected  when  close-in  sensors  are 
available.  Later  processing  gave  the  expected  higher  coherences. 

Figure  13  summarizes  the  results  of  Wiener  filtering.  The  filters 
were  designed  using  4096  seconds  of  measured  noise  data  and  theoretical 
Rayleigh  wave  signal  models.  Noise  data  were  equalized,  1%  white  noise 
was  added  prior  to  design,  and  a  SNR  of  4  was  used.  The  filters  gave 
9  to  10  db  noise  rejection  at  the  microseismic  peak  (design  noise) 
and  did  not  attenuate  the  signals,  so  that  SNR  improvement  was  the 
same  as  noise  rejection.  Wavenumber  spectral  analysis  showed  that 
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noise  propagates  from  roughly  the  same  direction  as  the  signal  azimuth 
so  the  MCF  performance  should  be  relatively  poor  for  these  events.  A 
SNR  improvement  of  17  db  was  obtained  for  a  North  Atlantic  ridge  event 
fAzimuth  =  42.7“),  and  similar  results  were  obtained  for  later  events 
from  "off-noise”  azimuths. 

Figure  14  shows  A/T  values  measured  from  the  seismograms  at  25  and 
40  seconds  respectively  for  the  four  largest  events.  A/T  values  at 
25  seconds  were  7  to  8  db  higher  than  those  at  40  seconds.  However, 
unless  the  long  period  (40  second)  noise  level  can  be  reduced, 
utilization  of  long  period  signal  data  at  ALFA  docs  not  appear 
promising . 

Figures  15  to  18  summarize  the  results  of  matched  filtering.  First 
lland.ley  was  taken  as  a  master  waveform  and  matched  against  itself,  and 
the  results  were  compared  with  chirp  filters  (specified  in  the  fre¬ 
quency  domain;  applied  to  Handley.  The  Handley  spectrum  was  scaled  so 
that  the  matched  filter  RMS  noise  was  unchanged;  thus  the  SNR  improve¬ 
ment  achieved  could  be  measured  by  taking  the  ratio  of  the  matched 
filter  peak  to  the  peak  signal  in  the  output  beam.  Two  different 
bandpasses  were  used;  .02  to  .075  Hz  and  .025  to  .05  Hz.  It  can  be 
seen  that  the  chirps  gave  3  to  5  db  less  SNR  improvement,  probal)ly 
because  the  NTS-ALPA  travel  path  is  complicated  and  the  ;(urfacc  wave 
arrivals  appear  to  be  multipathed. 

Handley  was  then  applied  to  two  other  NTS  events  that  were  clearly 
visible  on  the  surface  wave  beams.  SNR  improvement  was  very  good 
(7  to  8  db)  for  the  Rayleigh  wave,  but  relatively  poor  for  the  l.ove 
wave.  Since  explosion-generated  Love  waves  should  be  medium  dependent 
the  poorer  results  arc  not  surprising.  Figure  16  shows  the  vertical 
Rayleigh  wave  and  matched  filter  output  (using  Handley)  for  one  of 
the  events  (NTS02). 

NTS02  and  NTS05  were  used  to  obtain  a  conversion  factor  from 
matched  filter  amplitude  to  trace  amplitude.  This  factor  was  used  to 
estimate  magnitudes  for  two  events  which  could  not  be  seen  on  the 
Rayleigh  wave  beams,  but  could  be  picked  from  the  matched  filter 
outputs  (Figure  17).  NTS05  was  especially  weak;  Figure  18  shows  the 
matched  filter  outputs  for  both  the  vertical  and  radial  components  at 
two  different  bandpasses.  The  fact  that  a  small  peak  occurs  on  all 
four  outputs  at  the  expected  time  for  the  Signal  gives  the  analyst 
confidence  that  it  is  a  valid  signal  peak. 

Figure  19  shows  the  Mg  -  m),  values  for  the  six  events  detected. 

No  conclusions  can  be  drawn  from  this  small  sample,  except  to  say 
that  the  data  are  not  surprising. 
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The  Long  Period  Experiaent  Program  consists  of  two  phases; 
a  software  development  effort  and  an  evaluation  effort.  The 
software  development  effort  currently  is  in  progress;  this 
presentation  reviews  the  program  design  and  processing  capa- 
Dilities  that  will  be  available  at  SAAC. 

Figures  2  and  3  show  the.  general  data  flow.  The  programming 
can  be  divided  into  four  parts: 

Data  merge  and  display 

Event  selection  and  display 

Single  station  processing  and  analysis 

Multiple  station  processing  and  analysis 

The  functions  performed  by  each  part  of  the  programming  are 
summarized  in  Figures  4  to  7. 

Data  merge  and  display  generates  a  composite  library  tape 
(9-track  1600  bpi)  which  contains  data  from  all  stations.  All 
velocity  data  are  stored  on  one  set  of  tapes  (at  a  2- second  sample 
rate),  all  displacement  data  on  a  s^'cond  set  of  library  tapes  (at 
the  Held  tape  sample  rate-expected  to  be  5  seconds).  These  tapes 
will  be  retained  permanently  in  the  SAAC  library  and  can  be  dupli¬ 
cated  for  outside  users  on  request. 

The  library  tapes  then  are  reformatted  to  7-track  SS6  bpi 
tapes  for  input  to  the  Texas  Instruments  playback  system  in  Dallas, 
where  16mm  films  of  the  network  data  are  generated  (both  the 
velocity  and  displacement  data).  The  film  format  is: 

Vertit^als  from  all  stations  on  one  film 

N-S's  from  all  stations  on  a  second  film 

E-W's  from  all  stations  on  a  third  film 

GMT  is  of  course  encoded  on  the  films.  The  7-track  556  bpi  input 
tapes  will  not  generally  be  saved,  but  can  be  duplicated  on  request 
Copies  of  the  film  also  could  be  made  available. 

Using  detection  information  from  the  USC^GS  and  other  sources 
and  the  results  of  film  analysis  events  are  selected  for  processing 
The  event  selection  parameters  (e.g.,  edit  time,  duration)  are 
calculated  and  the  velocity  data  for  specified  events  are  edited 
onto  a  processing  tape.  Noise  data  from  the  vicinity  of  the  event 
can  be  included  in  the  edit.  During  the  edit  the  data  are  quality 
checked  and  bad  data  are  deleted.  Events  can  be  Calcomp  plotted 
and  reformatted  from  the  9-track  1600  bpi  processing  tapes  to 
7-track  556  bpi  tapes  for  film  playback.  Both  of  these  tapes  and 
the  film  can  be  duplicated  on  request. 

Events  then  are  input  to  the  single  station  processing  and 
analysis  section  of  the  programming.  The  software  is  designed  so 
that  any  or  all  stations  can  be  processed  for  a  given  event,  and 
several  events  can  be  processed  on  a  given  run.  The  output  Horn 
this  section  of  the  programming  provides  the  basic  data  for  evalu¬ 
ation. 


This  section  consists  of  three  proRran  packfts^s*  The  first 
iLX(’il;.\')  perforns  noise  analysis  (spectra  and  coherences)  and 
perforns  miitti-conponent  processini:  for  Rayleigh  wave  signal 
enhancement.  The  second  program  (LXTRAN)  performs  single  channel 
processing  (matched  filtering  and  bandpass  filtering),  spectral 
analysis  of  the  phase  arrivals*  and  can  compute  discriminants 
such  ns  AR,  At.  and  long  period  spectral  ratios.  Either  chirp  or 
master  waveform  matched  filtering  (or  both)  Can  be  performed.  The 
third  program  (I.XCRI*)  uses  a  high  resolution  running-gate  spectral 
estimate  technique  to  estimate  group  velocities  and  to  search  for 
higher  order  modes  in  the  surface  wave  arrival  (by  identifying 
secondary  peaks  in  the  spectrum).  This  program  would  be  used  pri¬ 
marily  for  large  events,  i'lot''.  of  all  data  generated  (both  fre¬ 
quency  and  time  domain  Information)  can  be  made  at  the  discretion 
of  the  analyst.  The  output  data  will  provide  the  basis  for  interpre¬ 
tation  and  Tor  specifying  the  multiple  station  processing  and 
analys  s  to  be  done. 

The  multiple  station  processing  and  analysis  is  not  yet  fully 
defined*  hut  will  consist  of  several  programs  which  perform  two 
types  of  functions.  The  first  type  utilises  data  from  several 
stations  for  a  given  event.  Examples  include  stacking  matched 
filter  output^  from  several  stations  to  improve  the  signal- to-noise 
ratio  for  we^k  events  and  spectral  analysis  of  surface  wave  data 
for  source  characterization  (Tsai's  Method).  The  second  type  will 
colle'**.  data  from  several  events  for  a  given  station  (or  stations). 
i:xanp«..s  include  analysis  of  noise  variability  with  time  and  a 
definition  of  signal  characteristics  (spectral content)  by  region. 
Finally*  all  data  wiH  be  combined  to  define  the  network  detection 
threshold. 
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SURFACE-WAVE  SPECTRAL  SPLITTING  AS  A  UISLKIMINAM 


By 

David  von  Seggern 


Seismic  Data  Laboratory 


Theoretical  computations  of  the  transfer  function  of  a  layered 
media  in  the  period  range  15  to  50  seconds  for  force  systems  equiva¬ 
lent  to  earthquake  mechanisms  shows  that  their  Rayleigh-wave  spectra 
v.'ill  be  dependent  on  azimuth  from  the  source,  depth  of  the  source, 
and  orientation  of  the  dip  and  slip  vectors.  The  transfer  function 
for  an  explosive  force  depends  only  on  its  depth  but  does  not  vary 
significantly  for  depths  of  practical  concern.  Figure  1  shows  various 
earthquake  transfer  functions  normalized  to  the  transfer  function  of 
a  near-surface  explosion,  both  in  the  same  Gutenberg  continental 
structure.  Limited  knowledge  of  time  and  space  dimensions  for  explo¬ 
sions  and  earthquakes  indicates  that  the  Fourier  transform  of  the 
displacement- time  function  near  the  source  for  periods  between  15  and 
50  seconds  may  differ  between  these  two  seismic  sources  only  when 
Ms>5.0.  Thus  spectral  discrimination  capability  in  the  15-50  seconds' 
range  is  mainly  due  to  the  different  response  of  the  earth's  structure 
to  explosion  and  earthquake  sources.  We  have  calculated  spectral  ratios 
of  the  energy  between  periods  of  22  to  48  seconds  over  the  energy 
between  periods  of  15  to  48  seconds  for  13  underground  explosions  and 
19  earthquakes  using  several,  not  necessarily  common,  recording  stations 
for  each.  Ratios  and  recording  distances  for  each  event  were  averaged 
and  a  plot  of  these  average  values  is  shown  in  Figure  2.  The  spectral 
ratio  increases  with  distance  due  to  frequency-dependent  attenuation, 
and  we  select  the  explosion  ratios  (excluding  one  weak  Kazahk  event) 
as  the  sample  on  which  to  fit  an  exponential  curve  relating  spectral 
ratio  to  distance,  the  result  being 

=  4.29'^ 

where  is  the  explosion  ratio  and  L  is  the  distance  in  kilometers. 

With  this  empirical  relation,  we  normalize  all  the  average  ratios  to 
1000  km  distance  and  plot  them  as  a  function  of  surface-wave  magnitude 
Mb  in  Figure  3.  The  explosion  ratios  lie  in  a  narrow  band;  this  shows 
that  the  Fourier  transform  of  the  displacement- time  function  near  the 
source  for  periods  between  15  and  50  seconds  is  apparently  invariant 
for  a  large  magnitude  range  (2<Ms<5)  and  that  the  transfer  function 
of  the  layered  earth  does  not  change  much  for  these  same  periods  since 
different  source  and  recording  sites  are  represented.  The  earthquake 
ratios  are  scattered  about  the  explosions  ratios  with  some  falling  in 
the  band  of  explosions,  as  expected  from  theory. 

We  investigated  the  Nevada  source  region  in  detail  since  propaga-. 
tion  paths  to  several  of  the  stations  were  nearly  the  same  for  explo¬ 
sions  and  earthquakes.  A  more  pronounced  separation  of  the  NTS  shots 
and  Nevada  earthquakes  is  attained  when  energy  between  10  and  15  seconds 
is  included  in  the  spectral  ratio  calculations.  Spectra  from  explosions 
tended  to  be  very  similar  at  a  given  station  while  those  of  earthquakes 
were  usually  not.  Figure  4  exemplifies  this  for  recordings  at  TFO. 

Also,  spectra  for  a  given  explosion  among  several  stations  tended  to  be 
more  similar  than  spectra  for  a  given  earthquake,  a  result  of  the 
azimuthal  dependency  of  the  earth's  layering  response  to  force  systems 
equivalent  to  earthquake  mechanisms. 
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Spectral  ratio  nay  he  applied  in  two  steps  to  diagnose  an 
explosion,  lirst,  hy  calculating  the  ratio  itself,  it  can  he  deter- 
mined  whether  an  e\cnt  lie^  within  the  hand  of  explosions;  and  second, 
by  ealeiilatiiig  the  ratios'  variance  among  stations,  it  may  he  deter¬ 
mined  that  no  aiinuthal  dependence  on  spectra,  characteristic  of 
cartiu{uake> ,  is  present.  The  second  criterion  can  he  applied  only 
when  there  is  sufficient  azimuthal  coverage  and  would  be  a  more 
useful  diagnostic  if  a  reference  explosi-on  from  the  same  area  as 
the  event  under  investigation  had  already  been  recorded  so  that  a 
normalization  procedure  could  be  carried  out. 


Figure  1. 
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Alataacaa  aa  cawaaraA  ta  talatalaalc  <llftaac«».  TKI»  fact  U 
lllaatratadl  la  Hgara  I.  Fat  tlil«  rtataa  furfaca>aava  aaiaftutlea 
far  taMll  aliatt,  racarAaA  aat^r  at  raglaaal  4l»taiica»«  art  akaut 
aaa*lkv^lf  uait  taa  lav.  Aatalalng  tlit  utaal  |irac#4urt  of  ata«uring 
fa?  aa4  canfutiaf  aafaltiala^  tlia  Alttaact-cairtction  factor  for 
A<IS*«  l.aa  lag.*  I  •  A* It,  Mat  rtvl»t4  far  tlit  .VIS  fource  rtgion 
Ajr  a  aatliaA  iMi  Farcti  rtgieaal  iiagalt«Mltf  tv>  agrtt  clotrly 
taltaaifAlc  aaaa.  CNily  ataatt  far  ahicli  »urfact>wava»  wart  rtcor<la«l 
attt  lata  tlia  taltaalaalc  raaga  wara  utaA.  Tlil^/  aaa  carractloa 
factor  li  l.li  lag.*  A  •  0.74.  NagaltaAaa  af  aaay  .VTS  araata  wara 
racaafgatad  aaglayiAf  cka  aaa  tarractlaa  at  fiUtaacat  ta  IS*  aad 
tAa  CutaaAarg  carractlaa  kayaad  IS*;  ia  Flgara  2  typical  Inprova- 
■aat  la  raalaaal  aagaltudat  U  atiawa  Ay  tM/  aach  clatar  agraanaat 
of  CUF  raglaaal  aagattadai  witli  tAaaa  at  talaaalialc  dUtanca  wAaa 
tiM  aaa  diataaca  carractlaa  la  applied.  Haa  to  tha  alapa  chaagt  la 
tkt  raglaaal  carractlaa  (l.ia  varaaa  tha  femar  I.AA),  tha  atandard 
davlatlaa  af  raglaaal  aagaltudaa  la  alaa  raducad*  aa  ahown  far  41  MS 
avaata  la  FIgara  S.  Far  thata  aaaa  avaata»  tha  ttaadard  davlatloa 
af  hady^wava  aagaltadaa  aalag  Evaradaa't  carractlaaa  at  raglaaal 
dlitaacaa  la  caaparad  la  FIgara  4  with  that  af  tha  aurfaca-wara 
aagaltadaa  aalag  tha  aaa  carractlaa  at  raglaaal  diatancaa;  arldantly, 
aarfaca-aara  aagaltada  la  laich  aara  caaalataat  aooag  atatlona. 


Attaaaatlaa  rataa  along  diffarant  patht  fraa  MS  aara  Bignlf- 
Icaatly  diffarant,  hat  aat  aaaagh  to  aalta  path-dapandant  diatanca 
carractlaaa  diffar  hy  aara  than  oaa*taath  af  a  aagaltada  unit,  a 
quantity  which  data  aat  warrant  tha  added  effort  lavalvad  In 
applying  path-dapaadant  carractlaaa. 


Tha  aaw  raglaaal  diatanca  corractlona  factor  waa  applied  ta  tha 
PULISON  avaat  la  Colarada,  and  Figure  I  th.^wa  that  lt»  raglanal 
aMgaltuda  average  than  Ilea  claaar  to  tha  tt^leaalanlc  average. 


Figure  1.  ln<li\’iJual  Magnitude  deviations  fro*  the  average 
for  31  Nevada  Test  Site  explosions. 
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Figure  3.  Standard  deviations  of  surface-wave  magnitude 
iifing  NTS  and  Gutenberg  ”8"  factors  for  41 
events . 
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Figure  5.  RULISON  (Rifle,  Colorado) 


SURFACI:  WAVE  RADIATION*  I‘ATT1.RXS  FOR  SOUTHERN 
NEVADA  NUCLEAR  EXPLOSIONS  AND  CAVITY  COLLAPSES 

By 

Robert  P.  Massif 


Seismic  Data  Laboratory 
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Source  Rechanisn>  of  sone  southern  N’evoda  nuclear  explosions  and 
cavity  collapses  have  been  studied  using  the  anplitudes  of  lone  period 
Rayleigh  waves.  The  asplitudes  were  analysed  to  deternine  if  they  could 
be  represented  by  the  product  of  an  event  (source)  anplitude  factor  and 
a  station  (total  path  effect)  anplitude  factor.  This  product  aay  be 
written  in  the  font 


where  Aij  is  the  Measured  anplitude  (corrected  for  systen  response)  of 
a  seismic  phase  recorded  at  the  j'th  station  for  the  i*th  nuclear  explo* 
Sion,  Hi  is  an  event  amplitude  factor  and  Sj  is  a  station  amplitude 
factor  representing  the  effect  on  the  measured  amplitude  of  the  earth 
structure  along  the  entire  travel  path  from  source  to  station.  Uesrit' 
ing  this  equation 


In  Aj j  ■  In  Ej  ♦  In  Sj , 

a  least  squares  solution  was  found  for  the  factors  In  Ei  and  In  Sj. 
For  each  nuclear  explosion  and  collapse,  the  adjusted  amplitude  A]j 
was  formed,  where 


ij 


Aij/Ei  Sj 


The  A'^j  amplitude  patterns  were  then  plotted  for  the  explosions  and 
cavity  collapses  and  arc  shown  in  Figures  1  through  5.  From  these 
figures,  it  can  be  seen  that,  within  the  measurement  error,  the 
patterns  arc  identical.  This  indicates  that  the  principal  factor 
influencing  the  Rayleigh  wave  amplitudes  is  the  earth  structure 
along  the  travel  path  from  epicenter  to  station.  Furthermore,  since 
cavity  collapses  arc  not  believed  to  release  tectonic  energy,  the 
similarity  of  the  explosion  and  cavity  collapse  radiation  patterns 
indicates  that  less  than  20  percent  of  the  Rayleigh  wave  energy  in 
signals  from  the  nuclear  explosions  can  he  attributed  to  the  release 
of  tectonic  strain  energy. 

Employing  the  above  method  of  analysis,  the  effect  of  the  travel 
path  on  the  Rayleigh  amplitudes  (Sj )  may  be  determined  for  a  given 
source  area.  The  factors  Sj  may  then  be  used  to  remove  the  effect  of 
structure  from  the  observed  amplitudes  of  Rayleigh  waves  from  an  event 
in  order  to  obtain  an  accurate  source  radiation  pattern. 


RAYLEIGH 

RADIATION 


ANALYSIS  OF  SEISMIC  EVENTS  AS  RECORDED  BV  BOTH 
WIDE  BAND  LONG  PERIOD  AND  STANDARD  VELA  LONG 
PERIOD  SEISMOGRAPH  SYSTEMS 


By 

Robert  P,  Mass 6 


Seismic  Data  Laboratory 
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Since  25  September  1969,  two  wide  hand  long  perioii  vertical 
seismograph  systems  (LZX  and  LZY)  have  been  operating  at  Tf'O.  These 
systems  have  an  amplitude  response  peaked  at  approximately  40  seconds 
and  have  a  wider  pass  band  than  the  standard  long  period  l.RSM  or  VELA 
instruments  (Figure  1). 

Seismic  events  recorded  by  the  wide  band  (LZX)  system  and  a 
standard  VELA  vertical  seismometer  (LZl)  located  at  the  same  site  at 
TFO  were  analyzed  to  compare  the  performance  of  the  two  recording 
systems . 

Film  recording  from  the  standard  and  wide  band  seismograph 
systems  were  used  to  obtain  measurements  of  the  longest  period 
observable  in  the  first  five  minutes  of  Rayleigh  wave  signals  from 
seismic  events.  The  longest  periods  for  all  events  are  shown  in 
Figure  2,  and  the  epicenters  are  given  in  Figure  3  witli  the  symbol 
for  each  epicenter  denoting  the  period  range  in  which  the  wide  hand 
measurement  falls. 

It  can  be  seen  that,  for  each  event,  the  difference  between  the 
periods  measured  from  the  standard  and  the  wide  band  recordings  is 
usually  less  than  five  seconds  (Figure  2).  This  indicates  that 
although  at  the  longer  periods  the  amplitude  of  the  signal  as 
recorded  by  the  wide-hand  system  may  be  larger  than  that  for  the 
signal  as  recorded  by  the  standard  system,  the  period  measurement 
can  still  be  made  from  recordings  of  the  standard  long  period  seis¬ 
mograph  system.  The  longest  period  was  found  to  be  less  than  70 
seconds  for  most  events.  The  distribution  of  epicenters  shown  in 
Figure  3  indicates  that  events  producing  Rayleigh  wave  energy  at 
periods  equal  to  or  greater  than  60  seconds  (within  the  first  five 
minutes  of  the  Rayleigh  signal)  are  for  the  most  part  located  near 
oceanic  trenches  and  along  oceanic  ridges. 

The  spectra  of  Rayleigh  wave  signals  from  several  events  recorded 
by  the  wide  band  and  standard  VELA  systems  were  computed.  The  simi¬ 
larity  in  the  spectra  of  signals  recorded  by  the  two  systems  can  be 
seen  in  Figure  4  (calculated  using  a  group  velocity  window  of  3  to 
4  km/sec).  The  differences  at  low  frequency  reflect  the  different 
response  seen  in  Figure  1. 

Signal  to  noise  ratios  were  computed  at  selected  periods  from 
20  to  75  seconds  (Table  1).  These  ratios  are  not  less  than  2.5  for  the 
wide  band  recordings  indicating  that  reliable  estimates  of  the  signal 
spectra  were  obtained  for  the  ev'ents  processed  even  at  periods  as 
long  as  75  seconds. 
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Syste*  response  of  standard  Vela  long  period 
and  of  wide  band  long  period  seiseographs. 


Epicenters  and  period  ranges  of  events  used  in 
fila  analysis  of  Rayleigh  waves. 
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Till:  SPECTRAL  RATIO  OF  P  AS  A 

O 

DISCRIMINANT  FOR  EXPLOSIONS 


By 


William  Bakun 
Lane  Johnson 


In  tills  study  we  have  examined  the  short  period  spectra  of  1’^ 
phases  recorded  at  .JAM  (.Jamestown,  California)  from  events  in  tlie^ 
general  area  of  NT.S  (Figure  1).  In  order  to  limit  propagation  effects 
the  study  has  been  restricted  to  events  in  tlie  same  general  azimutli 
and  distance  range  from  JA.S.  The  69  events  which  have  been  analyzed 
to  date  include  the  following  types:  (a)  announced  underground 
explosions  at  NT,S,  (b)  natural  earthquakes  witli  epicenters  at  least 
30  km  outside  the  NTS  boundary,  (c)  afterevents  of  explosions,  (dj 
collapses  of  explosions,  and  unidentified  events  with  epicenters 
on  NTS.  A  limitation  of  the  discrimination  aspects  of  this  study 
has  been  the  small  number  of  natural  earthquakes  that  were  availalile. 
lixamples  of  the  various  typos  of  events  are  shown  in  Figure  2. 

The  short  period  vertical  component  signals  wore  digit!  zeil  at 
a  rate  of  50  samples  per  second.  The  first  8  seconds  of  the  Pj,  phase 
was  Fourier  transformed.  These  spectra  were  then  corrected  for  the 
instrument  response  and  for  the  effects  of  attenuation  assuming  a 
Q  value  of  400.  The  spectral  ratio  which  we  have  boon  using  is  the 
ratio  of  the  average  ground  displacement  in  the  0.6  -  1.25  llz  band 
to  that  in  the  1.35  -  2.0  llz  band.  Calculated  values  of  this  spectral 
ratio  arc  given  in  Table  1  along  with  pertinent  data  about  the  events. 
The  spectral  ratios  arc  plotted  in  Figure  3. 

Of  particular  interest  in  Figure  3  is  the  fact  that  the  convex 
region  containing  all  known  natural  earthquakes,  field  1,'  does  not 
interesect  the  convex  region  containing  all  known  explosions,  field  11. 
The  two  fields  are  distinctly  separate  from  each  other  for  magnitudes 
greater  than  3.2. 

Another  point  of  interest  in  Figure  3  concerns  the  afterevents 
of  the  largo  explosions  BOXCAR,  BENIIAM,  and  JORUM.  All  25  of  those 
afterovonts  lie  in  the  explosion  field.  In  Figure  4  we  have  compared 
composite  spectra  for  explosions,  natural  earthquakes,  and  BFNllAM 
afterevents.  The  afterevents  appear  to  be  more  similar  to  the  explo¬ 
sions  than  to  the  natural  earthquakes. 

The  earthquake  field  of  Figure  3  contains  4  unidentified  events 
on  NTS,  and  all  4  of  these  events  occurred  2-6  hours  after  the 
explosions  SCOTCH  (magnitude  =  5.6).  These  events  could  be  considered 
as  afterevonts  of  SCOTCH.  If  this  interpretation  is  accepted,  then 
one  must  conclude  that  the  spectral  behavior  of  these  SCOTCH  after¬ 
events  is  different  from  that  of  the  afterevents  of  the  larger  explo¬ 
sions  BOXCAR,  BENIIAM,  and  JORUM. 


spectral  Ratio 


Fiiiurr  3.  1*4  j^pcciral  ratio  of  vortical  aurfacoaiapUcwont, 

*  tf^rrcctcJ  for  attonuatlon  irlth  0  •  400.  at  JAJ  for 

events  kithin  100  kfi  of  XTS.  I  anJ  II  Jonoto  tho 
carthmiako  anJ  oaploflon  floIJa*  roapoctivtiy. 
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Figure  4,  I’o  composite  spectra  at  JAS  of  announced  NTS  explo¬ 
sions,  natural  earthquakes,  and  RHNIUM  afterevents . 
Spectra  have  been  corrected  for  attenuation  (Q  =  400). 
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A  NOTE  ON  SURFACE  WAVE  MAGNITUDE  DETERMINATION 


By 

Otto  W.  Nuttli 


The  ratio  of  mb  to  Ms  has  been  found  to  be  an  effective  discrimi 
nator  for  distinguishing  explosions  from  earthquakes.  For  small  mag¬ 
nitude  events,  however,  little  energy  is  present  in  the  20  second 
period  band  and  the  usual  determination  of  Ms  is  not  possible  with 
data  from  conventional  long-period  instrumentation.  The  use  of  short 
period  surface  waves,  4-10  seconds,  in  determining  magnitude  becomes 
attractive . 

IJSSFi  and  Czechoslovakian  seismologists  have  developed  a  relation 
applicable  to  surface  waves  of  all  periods: 

M  =  log  y  +  1.66  log  A  +  3.3 

in  which.  A,  T  are  the  amplitude  (microns)  and  period  of  the  maximum 
ground  displacement  on  the  seismogram,  A  ij  in  degrees. 

We  applied  this  relation  und  the  standard  procedure  using  20 
second  waves  to  three  events,  explosions  in  Central  Asia  and  the 
Sahara  and  an  earthquake  in  southern  Illinois. 


Event 

Date 

M5(20) 

Mg  (4-10) 

Central  Asia  explosion 

July  19,  1964 

5.4 

- 475— 

Sahara  explosion 

Feb  27,  1965 

•\3 

4.9 

Illinois  earthquake 

Nov  09,  1968 

5.2 

6.0 

The  short  period  surface  wave  amplitudes  were  taken  from  seismograms 
in  the  range  of  15*’-40*’.  The  Soviet  formula  gave  Mg  values  that  are 
almost  one  magnitude  unit  higher  than  those  determined  for  20  second 

waves . 

In  studying  the  Illinois  earthquake,  a  new  empirical  relation  was 
developed  to  force  Mg  from  the  maximum  surface  waves  to  be  the  same 
as  the  value  from  20  second  horizontal  surface  waves  recorded  at  large 
distances.  The  result  is 

M  *  log  y  1.66  log  A  ♦  2.40. 

The  coefficients  turned  out  to  be  the  same  as  in  the  Soviet 
relation,  except  for  the  constant,  which  is  0.9  less.  When  this 
relation  is  applied  to  the  two  explosions  studied  the  discrepancy 
between  the  two  methods  largely  disappears. 

This  relation  must  be  tested  for  more  events  and  for  regional 
effects  because  its  value  in  determining  surface  wave  magnitudes  for 
mb  less  than  4  is  clear.  We  have  applied  it  to  a  number  of  small 
earthquakes  in  the  mid-continent  for  which  20  second  waves  were  not 
detectable  with  the  instrumentation  in  use. 
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MULTIPATHING  OF  RAYLEIGH  WAVES  GENERATED  BY  MILROW 


By 

Harry  Mack 


ABSTIIACT 


Frequency  wavenumber  analysis  of  Rayleigh  waves  generated 
by  MILROW  shows  that  multipathing  occurs  between  the  source  and 
I.ASA  in  the  period  range  20-25  seconds.  No  multipathing  is  detected 
at  longer  periods. 


The  underground  nuclear  explosion  MII.KOK  was  detonated  on 
October  2,  1969  in  the  Aleutian  Islands.  The  body  wave  magnitude 
(mb)  was  6.S  and  Rayleigh  waves  were  well  recorded  at  I.ASA. 

Frequency- wavenumber  analysis  of  the  Rayleigh  wavetrain  showed 
that  significant  multipathing  occurred  at  periods  in  the  range 
20-2S  seconds  but  none  was  observed  at  longer  periods. 

Figure  2  is  a  composite  of  three  plots.  The  upper  curve  shows 
the  peak  wavenumber  spectral  value  versus  frequency.  The  coherency 
remains  high  and  almost  flat  from  0.06  11:  to  about  0.02  II:.  The 
values  then  decrease  rapidly  towards  the  lower  frequencies.  The 
triangle  shows  the  peak  wavenumber  spectral  value  at  O.OS  II:  for  an 
arrival  which  came  approximately  five  minutes  after  the  original 
wavetrain. 

The  middle  curve  shows  how  the  back  a:inuth  of  arrival  varied 
with  frequency.  The  angle  increases  with  decreasing  period  to  an 
asymptotic  value  of  306*  which  is  close  to  the  true  nuck  a:imuth. 

The  triangle  indicates  that  the  later  arrival  had  a  bac  urimuth  of 
321*.  The  value  of  300*  at  0.06  11:  is  difficult  to  exph. in  except 
that  this  value  may  be  the  result  of  averaging  over  more  than  one 
direction  of  arrival. 

The  bottom  curve  shows  the  phase  velocity  dispersion  curve. 

The  velocity  increases  with  period  in  an  expected  manner  and  then 
low  values  appear  as  the  signal  disappears  at  the  lower  frequencies. 
This  phenomenon  is  the  result  of  spectral  leakage. 

Figure  2  shows  the  wavenumber  spectrum  at  0.05  11:  at  the  two 
tiae  periods  indicated  on  the  figure.  The  main  arrival  at  this  fre¬ 
quency  is  followed  by  a  later  arrival  five  minutes  afterwards  at  a 
higher  angle.  Both  phase  velocities  are  the  same,  and  this  figure 
illustrates  a  case  of  multipathing. 

In  conclusion,  the  above  results  indicate  that  multipathing  of 
Rayleigh  waves  may  not  be  a  problem  at  periods  greater  than  40  seconds. 
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FREQUENCY  (HZ) 

>  iKurc  I.  Analy^U  of  KaylciKh  wa%'c3i  KcneiutvU  by  MIIROK  rccordctS 
at  I  ASA.  The  top  curec  l»  the  noraaliscd  ncaK  value  of 
the  kavenunher  spectra  ver»iii>  fretfuency.  The  Middle  curve 
.<hok!i  direction  of  arrival  versus  fretiuency.  The  hottoM 
i!i  the  phaiie  velocity  disperaion  curve.  The  trianules 
relate  to  the  later  arrival. 
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Figure  2.  High  resolution  F-K  spectra,  at  0.05  Hz,  of  the  Ravleigh 
wave  from  MILROK  recorded  at  I.ASA.  The  contours  (in  JB) 
show  the  direction  and  velocity  of  two  separate  arrivals 
at  the  times  shown,  illustrating  the  effects  of  multi- 
pat  hi  ng. 


SEISMIC  IDENTIFICATION  AT  SHORT  DISTANCES 


By 

Alan  Ryall 


University  of  Nevada 
Mackay  School  of  Mines 
Reno,  Nevada  89507 


INTRODUCTION 


During  the  period  the  University  of  Nevada  Scismolog ical 
Laboratory  has  had  AFOSR  grant  support*  we  have  pursued  an  orderly 
development  of  seismology  in  the  Nevada  region*  with  the  idea  that  u 
procedure  aimed  at  overall  evaluation  of  blast  and  earthquake  charac¬ 
teristics  would  prove  to  be  a  more  fruitful  approach  to  problems  of 
the  Vela  Uniform  program  than  one  based  on  limited  objectives.  After 
working  for  several  years  with  data  from  three  widely  separated  out- 
stations*  we  found  ourselves  still  far  from  this  goal*  and  in  duly, 

1969  began  the  construction  of  a  statewide  seismic  telemetry  system. 

By  November*  enough  stations  of  this  system  were  installed  to  permit 
detailed  analysis  of  seismic  events  over  most  of  the  Nevada  region; 
about  a  month  ago  we  completed  the  development  of  computer  programs 
for  epicenter  determination*  and  ran  out  data  for  a  six-months'  period 
of  time.  Figure  1  shows  the  location  of  earthquakes  for  part  of  this 
period,  as  well  as  the  location  of  stations  of  the  telemetry  network. 
From  this  analysis  several  characteristics  of  Nevada  seismic  events 
emerged  which  are  pertinent  to  the  discrimination  problem*  and  these 
are  described  below. 

For  the  benefit  of  other  workers  interested  in  Nevada  earthquakes 
and  explosions*  we  are  presently  publishing  a  Bulletin  of  the  University 
of  Nevada  Seismological  Laboratory*  which  lists  all  of  our  seismogram 
readings  as  well  as  epicenters*  magnitude  and  other  information  on 
events  that  are  large  enough  to  be  located  by  the  computer  routine. 

This  Bulletin*  which  will  be  issued  quarterly*  can  be  obtained  on 
request  from  the  Director*  Seismological  Laboratory. 

as  a  discriminant  for  earthquakes  and  explosions 

Two  years  ago*  the  University  of  Nevada  was  involved  in  an  investi¬ 
gation  of  earthquake  activity  following  large  underground  explosions. 
One  of  the  points  covered  in  that  study  had  to  do  with  the  difficulty 
In  identifying  the  same  seismic  waves  for  both  earthquakes  and  explo¬ 
sions*  and  errors  in  epicenter  determination  that  would  result  from 
misidentif ication  of  phases.  This  identification  problem  is  illustrated 
by  Figure  2*  which  shows  records  made  at  Tonopah  of  a  small  underground 
explosion  and  three  aftershocks  of  a  large  underground  explosion.  For 
Nevada  Test  Site  events  the  Tonopah  station*  at  a  distance  of  about 
110  km*  records  only  Pg  and  Sg  waves  for  explosions;  but  recordings 
of  NTS  aftershocks  have  an  additional  large  phase  which  arrives  about 
three  seconds  before  Sg.  For  large  aftershocks*  this  phase  was  usually 
identified  as  Sg*  with  the  result  that  an  aftershock  would  be  located 
about  20  km  too  close  to  the  Tonopah  station.  For  small  aftershocks 
(Figures  2c  and  2d)*  the  Pg  phase  was  often  too  small  to  see*  and  the 
two  later  phases  were  identified  as  Pg  and  Sg*  placing  the  epicenter 
within  20  km  of  Tonopah. 

With  improved  accuracy  in  epicentral  determination*  we  are  now 
finding  "extra"  S  phases  to  be  characteristic  of  earthquakes*  and  the 
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lack  of  such  arrivals  to  be  characteristic  of  explosions.  F-or 
example,  on  examination  of  the  list  of  epicenters  and  data  for  six 
months  in  1969  and  1970,  we  noticed  that  earthquakes  along  the 
Fairview  fault  zone  generate  an  S  wave  that  arrives  at  the  Battle 
Mountain  station  before  Sj, ,  while  a  group  of  seismic  events  just 
cast  of  tliat  zone  generate  only  Sg  at  Battle  Mountain.  Based  on  this 
observation,  inquiries  were  made  of  mining  companies  in  the  area,  and 
the  events  with  only  one  S  phase  were  found  to  be  open-pit  quarry 
blasts. 

On  Figure  3,  Battle  Mountain  recordings  are  shown  for  earthquakes 
and  mine  explosions  at  similar  distances.  At  the  top  of  the  figure, 
a  blast  in  the  area  just  mentioned  is  seen  to  have  only  one  S  phase, 
while  an  earthquake  on  the  Fairview  fault  near  Slate  Mountain  generates 
two  S  waves.  At  the  bottom  of  the  figures,  an  Ely  explosion  and  a 
Mina  earthquake  are  compared,  with  only  the  earthquake  having  two 
clear  S  arrivals. 

Figures  4  and  5  show  evidence  that  the  early  S  wave  observed  for 
natural  earthquakes  is  probably  Sj^.  Beyond  about  140  km  distance  this 
wave  has  apparent  velocity  of  4.1  km/sec  (Figure  4),  which  is  a  little 
low  but  not  unreasonable  for  Sn  in  the  Basin  and  Range  region.  For 
distances  less  than  140  km,  the  earliest  of  two  clear  S  arrivals  for 
earthquakes  has  a  velocity  of  3.6  km/sec,  which  is  appropriate  for  Sg ; 
interpretation  of  the  double  S  wave  at  short  distances  is  still  in 
progress.  On  Figure  5,  the  time  difference  between  arrivals  of  the 
double  S  phase  is  compared  with  the  time  difference  Pg  -  for 
earthquakes  more  than  140  km  for  the  recording  stations.  Tne  relation¬ 
ship  shown  is  appropriate  for  the  wave  S,^.  Based  on  those  very  prelimi¬ 
nary  observations,  it  would  appear  that  the  Sn  phase  can  be  used  as  a 
discriminant  for  earthquakes  and  explosions,  up  to  distance  of  several 
hundred  kilometers.  Work  in  progress  at  the  present  time  is  aimed  at 
explaining  the  difference  in  S-wave  generation  for  earthquakes  and 
blasts,  and  extending  our  present  ol  servations  to  larger  distances. 


F’^  -  F’^  as  a  discriminant 


On  Figure  6,  the  time  difference  Pg  -  Pn  is  shown  as  a  function 
of  distance  for  62  earthquake  observations  ana  13  subarray  explosions. 

A  line  drawn  by  eye  through  the  points  separates  all  but  2  of  the 
blast  points  from  all  but  3  of  the  earthquake  points.  This  method  of 
discriminating  eartliquakes  and  explosions  is  similar  to  one  proposed 
several  years  ago  by  iF.I.S.  Thirlaway,  in  that  the  events  are  located 
using  only  Pg  and  Sg  readings  at  several  stations,  and  Pg  -  P,|  time 
differences  are  then  used  together  with  epicentral  distances  as  an 
indication  of  focal  depth.  As  with  the  Sn  observations  described  above, 
data  currently  on  hand  extends  only  to  about  300  km,  and  an  effort  is 
being  made  at  present  to  extend  the  technique  to  larger  distances. 
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Amplitude  ratios 

On  Figure  7,  the  ratio  of  maximum  trace  amplitude  for  to 
maximum  trace  amplitude  for  Sg  is  shown  as  a  function  of  distance  for 
a  number  of  earthquakes  and  quarry  explosions.  In  spite  of  some  scatter, 
the  figure  indicates  that  there  is  a  tendency  for  earthquakes  to  havie 
a  Pg/Sg  amplitude  ratio  less  than  1.0,  while  the  ratio  is  usually 
greater  than  1.0  for  blasts.  Part  of  the  scatter  in  Figure  7  is  due  to 
azimuthal  variation  in  radiation  of  seismic  waves  for  the  natural 
earthquakes.  For  example,  in  cases  where  a  high  Pg/Sg  ratio  is  observed 
at  one  location  for  a  natural  event,  stations  in  difterent  azimuths 
from  the  epicenter  almost  invariably  see  a  Pg/Sg  ratio  less  than  1.0. 

On  the  other  hand,  the  six  explosion  points  on  the  wrong  side  of  the 
line  at  a  distance  of  about  24S  km  are  for  three  lily  blasts  measured 
at  Tonopah  and  Battle  Mountain  --  in  all  cases,  the  two  stations 
recorded  almost  identical  Pg/Sg  ratios  in  spite  of  a  65°  difference 
in  cpicentral  azimuth.  When  radiation  patterns,  for  earthquakes  and 
explosions  are  taken  into  consideration,  the  value  of  amplitude  ratios 
as  a  discriminant  may  be  better  than  suggested  by  Figure  7. 

Spectral  characteristics 

As  a  first  step  toward  a  study  of  spectral  characteristics  of 
small  Nevada  earthquakes  and  explosions,  a  number  of  mine*blast  and 
earthquake  recordings  were  digitized  and  sublected  to  spectral 
analysis  using  the  Cooley-Tukey  algorithm,  which  is  de**  ned  in  terms 
of  a  Fourier  transform.  The  results  of  this  analysis  are  shown  on 
Figure  8  for  three  earthquakes,  an  NTS  collapse  event,  and  two  mine 
blasts,  all  recorded  on  a  short-period  vertical  instrument  at  Tonopah. 
Because  of  the  preliminary  nature  of  this  analysis,  no  attempt  was 
made  to  correct  the  spectral  amplitudes  for  effects  due  to  differences 
in  distance,  magnitude  or  instrument  response. 

Of  the  six  events  shown  on  Figure  8,  only  one  --  the  collapse 
event  --  has  a  simple,  relatively  monochromatic  spectrum.  This  is 
not  surprising,  since  hole  collapses  have  a  characteristically 
sinusoidal  appearance  at  the  Tonopah  station.  All  of  the  other  events 
shown  on  the  figure  have  complicated  spectra,  with  no  obvious  spectral 
characteristics  that  can  be  ascribed  simply  to  differences  between 
earthquake  and  blast  source.  As  an  example  of  other  parameters  which 
must  be  taken  into  account  in  this  kind  of  study,  the  two  sets  of 
spectra  shown  at  the  top  left-hand  side  of  the  figure  are  for  earth¬ 
quakes  located  within  a  few  kilometers  of  each  other,  but  with  focal 
depths  differing  by  about  10  km.  The  P-wave  spectra  for  these  two 
events  have  peaks  at  the  same  frequencies  but  with  different  ampli¬ 
tudes;  however,  the  two  S-wave  spectra  are  quite  dissimilar,  with  the 
S-spectrum  for  the  shallow  earthquake  having  a  number  of  notches  and 
peaks  in  common  with  the  spectrum  for  a  nearby  (Gabbs)  explosion.  To 
extend  this  study,  we  are  presently  operating  a  tripartite  array 
continuously  in  the  Slate  Mountain  area,  and  plan  to  carry  out  spectral 
analysis  on  events  with  a  range  of  focal  depth,  hopefully  to  separate 
out  spectral  characteristics  related  to  specific  source  parameters. 
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Finally,  on  Figure  9  peak  spectral  frequencies  are  plotted  for 
P  and  S  waves,  for  the  earthquakes  and  explosions  whose  spectra  are 
shown  on  Figure  8.  On  this  plot  there  is  a  clear  separation  between 
the  two  types  of  events,  but  the  analysis  needs  to  be  extended  to 
include  a  large  number  of  earthquakes  and  blasts,  as  well  as  effects 
of  magnitude,  station  site  characteristics,  epicentral  distance, 
focal  depth,  etc. 

Summary 

After  many  years  of  working  with  data  from  a  few  locally-recording 
outstations,  we  have  now  almost  completed  the  installation  of  a 
statewide  seismic  telemetry  system,  and  this  system  is  already 
beginning  to  provide  data  which  will  make  possible  very  detailed 
studies  of  earthquakes  and  explosions  in  the  Nevada  region.  Based 
on  analysis  completed  only  a  month  ago,  we  are  finding  significant 
differences  between  local  recordings  of  small  earthquakes  and  mine 
blasts  --  in  the  relative  generation  of  different  seismic  waves, 
amplitude  ratios,  and  peak  spectral  frequencies. 

As  an  extension  of  this  very  preliminary  work,  we  are  now  compiling 
data  aimed  at  separating  out  effects  of  specific  source  and  station- 
site  characteristics.  Then,  with  a  better  understanding  of  relation¬ 
ships  between  various  source  parameters  (focal  depth,  mechanism,  etc.) 
and  measurable  characteristics  of  local  recordings,  we  hope  to  be 
able  to  predict  observable  effects  at  greater  epicentral  distances 
for  small-magnitude  events. 
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INTRODUCTION 


This  Coafcrcncc  on  Seismic  Discrimination  was  intended  to  examine 
criteria  for  discriminating  between  the  seismic  signals  arising 
from  earthquakes  and  explosions*  to  review  our  understanding  of 
the  processes  controlling  seismic  signatures*  and  to  consider  what 
further  research  may  be  required  to  expand  and  improve  our  dis¬ 
crimination  capability. 

The  Conference  demonstrated  the  close  connection  between  the 
problem  of  discriminating  earthquakes  and  explosions  and  the  prob¬ 
lem  of  the  earthquake  mechanism  wliich  is  receiving  much  attention. 

It  revealed  that  many  diverse  aspects  of  solid  earth  geophysics  arc 
involved  in  a  complete  understanding  of  the  problem.  For  example, 
crustal  and  mantle  structure*  particularly  lateral  as  well  us  vertical 
variations*  tectonic  release  from  explosions  and  earthquakes*  and 
the  theory  of  clastic  wave  propagation. 

It  was  of  interest  to  note  the  progress  that  has  been  made  in  the 
theory  of  the  seismic  source  to  take  into  account  realistic  earth 
models  as  well,  as  source  models.  The  effect  of  the  initial  time 
function,  the  source  dimension*  the  symmetry  and  asymmetry  of 
explosive  and  earthquake  sources  respectively,  the  focal  depth  and 
realistic  earth  structures  arc  taken  into  account  by  the  theory.  It 
is  possible  to  make  synthetic  seismograms  which  match  experimental 
records.  The  theory  for  the  first  time  explains  the  basis  of  several 
methods  of  distinguishing  earthquakes  from  explosions.  Thus  in  the 
M  gtmj^  method  it  is  believed  that  the  source  time  function  affects 
mjj  for  earthquakes  in  a  manner  different  from  explosions  and  the 
source  dimension  function  results  in  a  more  efficient  radiation  of 
surface  waves  for  earthquakes  than  for  explosions.  In  a  similar 
manner  the  effect  of  depth  of  focus*  as  well  as  source  time  and 
dimension*  affect  the  spectra  of  surface  waves  and  body  waves  from 
explosions  and  earthquakes.  Although  the  question  of  why  some 
earthquakes  may  be  higli  stress-drop  events  is  not  fully  resolved* 
the  general  consensus  was  that  the  theory  of  the  seismic  source  as 


it  is  now  understood  indicates  that  tlie  separation  of  earthquake  and 
explosion  populations  applies  in  principle  to  low- magnitude  events. 
Howoveri  it  will  be  necessary  to  first  determine  and  ultimately 
allow  for  regional  variations  in  stress-drop,  attenuation,  and  surface 
wave  propagation  to  utilize  the  method.  The  main  problem  will  be  to 
obtain  sufficient  signal  energy  at  a  sufficient  number  of  stations  at 
appropriate  distances  .iiid  azimuths  from  t.^'e  source  to  apply  the 
diagnostic  criteria  effectively. 


The  M„:m,  Criterion 

o  D 

Data  were  presented  on  M^rm^  values  to  indicate  that  the  method  for 
discrimination  which  applies  at  m^^S  extends  below  m^^  4.5,  whether 
discrimination  is  based  on  10,  20,  or  40  second  Rayleigh  waves.  It 
should  be  noted,  however,  that  there  is  some  overlap  of  the  earth¬ 
quake  and  explosion  populations,  particularly  at  lower  magnitudes, 
and  that  the  body  of  Mg  data  for  Rayleigh  waves  recorded  at  well 
distributed  stations  at  telescismic  distances  is  quite  limited.  Both 
of  tliese  factors  currently  limit  the  effectiveness  of  Mg:mj^  for 
discriminating  between  low  magnitude  earthquakes  and  explosions  at 
tcleseismic  distances.  Research  into  this  problem  continues,  parti¬ 
cularly  witli  respect  to  the  enhancement  of  the  signal  to  noise  ratio 
for  Rayleigh  waves.  Tlic  long  period  research  arrays  recently 
completed  in  Norway  and  Alaska,  and  the  research  with  very  long 
period  seismograplis,  specially  installed  at  carefully  selected,  deeply 
buried,  very  quiet  sites  are  designed  to  do  this.  The  Ogdensburg  very 
long  period  installation  is  an  example  of  the  latter  approach  to  Rayleigh 
wave  signal  to  noise  enhancement  and  provides  data  for  research  in  the 
longer  period  part  of  the  seismic  spectrum.  The  arrays,  and  the 
experimental  very  long  period  installations  are  expected  to  provide  the 
body  of  surface  wave  data,  at  tcleseismic  distances,  needed  to  deter¬ 
mine  the  effectiveness  of  the  Mgan^^  discriminant  at  magnitudes  less 
than  >tIj^=4.  5. 


Spectral  Ratio  Criteria 


Tliei'o  was  consitlcrablc  discussion  of  discrimination  based  upon  the 
amplitude  spectra  of  Rayleigh  waves  with  some  attendees  claiming 
that  spectral  shape  itself  could  be  used  as  a  discriminant.  Theoreti¬ 
cal  results  make  it  clear  that  this  is  not  the  case,  and  that  source 


orientation  has  a  drastic  influence  on  tlic  shape  of  the  surface  wave 
spectra.  For  cxample»  a  shallow  focus  dip  slip  fault  will  give  a 
spectrum  similar  to  that  of  an  explosion.  Clearly  a  much  more 
sophisticated  analysis  of  observed  spectr;il  data  is  required. 


P,  S.  and  Love  Wave  Criteria 

Only  limited  new  data  on  long  period  P,  S,  and  Love  waves  were 
presented,  but  two  important  points  did  emerge;  The  ratio  of  Love 
to  Rayleigh  waves  may  be  a  useful  but  as  yet  undeveloped  discrimi¬ 
nant  since  even  NTS  exjdosions  with  their  "high"  amplitude  Love 
waves  do  not  have  enough  Love  waves  commensurate  with  their 
observed  Rayleigh  waves  to  be  indicative  of  an  earthquake  mechanism. 
Also  the  P  wave  spectra  (3  to  0. 03  Hz)  of  MILROVV  and  LONG  SHOT 
were  drastically  different  from  the  P  w.ave  spectra  of  Aleutian  earth¬ 
quakes  of  comparable  mj^,  the  earthqu.akes  having  their  corner 
frequency  approximately  one  decade  lower  in  frequency  than  explosions. 


Source  Term  Theory 

The  factors  of  source  dimension,  source  time,  depth  of  focus,  and 
azimuthal  variation  occur  as  a  product  in  determining  the  spectrum  of 
the  seismic  signal.  Although  there  was  some  disagreement  as  to  the 
relative  contributions  of  the  separate  factors,  the  general  belief  was 
put  forward  that  the  product  of  all  factors  was  essentially  different 
for  earthquakes  and  for  explosions  at  the  magnitudes  for  which  data 
were  available. 

There  was  much  discussion  on  tectonic  energy  release  from  explo¬ 
sions  and  earthquakes.  There  was  a  difference  of  opinion  as  to 
whether  actual  tectonic  energy  is  released,  or,  whether  the  tectonic 
fabric  in  the  vicinity  of  the  explosion  source  was  responsible  for  the 
generation  of  Love  waves  and  the  azimuthal  variation  of  the  surface 
wave  radiation.  Tectonic  energy  release  was,  in  general,  thought 
not  to  be  a  problem  in  the  separation  of  earthquakes  and  explosions. 


Little  new  work  on  short  range  discriminants  was  reported.  An 
interesting  presentation  was  given  on  the  use  of  amplitude  contours 
of  time  versus  frequency  plots  (i.  e. ,  standard  mode  of  presentation 
of  hydroacoustic  data)  for  discriminating  earthquakes  and  explosions 
by  use  of  data  tnlccm  at  ranges  of  1,000  to  3,  500  kilometers.  The 
high  frequency  content  of  P  signals  and  the  low  amplitude  of  shear 
wa.  es  of  explosions  was  indicated.  This  technique  should  be  applied 
to  a  larger  suite  of  events  to  assess  its  utility. 


Signal  Enliancenient  Techniques 

Multivariant  analysis  lias  lagged  due  to  an  inadequate  data  source. 

No  new  ideas  on  short  period  discriminants  were  presented.  Only 
one  significant  new  idea  on  depth  determination  was  forthcoming: 
master  events  and  tlie  S-P  arrival  time  differences  at  distances  less 
tlian  15  remains  the  best  discriminant  when  working  solely  with  the 
P  signal.  Data  presented  suggested  that  the  shape  of  the  Rayleigh 
wave  amplitude  spectrum  may  be  useful  for  establishing  depth  of 
focus. 

Work  at  several  laboratories  suggests  that  virtually  all  noise  of 
period  greater  tlian  25  seconds  is  non-propagating  and  is  induced  by 
local  atmospheric  conditions.  Its  suppression  depends  on  using 
either  arrays  of  closely  spaced  long  period  scismometer8(corrclation 
distance  of  this  noise  is  very  short),  or  deep  bore-hole  seismometers 
(Ogdenshurg  lias  approximately  30  mp  noise  level  at  40  seconds),  or 
on  oplimi/Jng  situ  sclcction{stablc  atmosphere).  The  design  details 
of  a  long  period  seismometer  which  is  deployable  in  deep  boreholes 
wore  presented.  A  prototype  instrument  will  soon  be  placed  in  the 
Ogdensburg  mine  for  comparison  with  tie  Pomeroy-type  installation. 

Data  on  signal  enhancement  of  long  period  signals  by  matched  filters, 
band  pass  filters,  and  array  processing  were  presented.  New  results 
on  a  jeven-clemcnt  ALPA  array  indicate  gains  of  16  db(12  -  20) 
against  colicrcnt  16  -  20  second  noise  when  steering  for  Asian  carth- 
quakcs(a^=7  db).  It  was  also  pointed  out  that  multipath  problems  can 
severely  degrade  usefulness  of  matched  filters  for  some  source- 
station  pairs  (Kurils  to  LASA). 


Direction  of  Future  Research 


A  major  result  of  the  meeting  was  a  clear  impression  that  much 
researcii  has  yet  to  be  done  to  resolve  the  discrimination  iiroblem. 
Depth,  source  type,  corner  frequency,  stress  drop,  etc. ,  however, 
all  api^ear  to  be  determinable. 

Future  work  should  be  concentrated  on  devising  stations  which 
provide  signals  at  teleseismic  distances  so  that  the  theoretically 
predicted  separation  of  cartiiquake  and  explosion  populations  can  be 
tested  experimentally.  Attention  should  be  given  to  developing  an 
understanding  of  those  high  stress-drop  earthquakes  which  generate 
less  surface  wave  energy  than  most  earthquakes  and  thus  may  be 
mistaken  for  explosions.  Do  these  earthquakes  exhibit  a  special 
pattern  in  region  of  occurrence,  focal  depth,  azimuthal  variation  of 
spectrum  which  will  lead  to  their  identification  as  earthquakes?  Can 
the  world  be  regionalized  into  a  reasonable  number  of  blocks  each 
with  its  own  source  mechanism  and  propagation  characteristics  so 
that  scatter  can  be  reduced  and  the  two  populations  can  be  separated 
further?  These  are  some  of  the  problems  considered  by  the  Conference 
as  worthy  of  special  effort. 

It  should  be  noted  that  occasional  earthquakes  larger  than  magnitude 
4.  75  do  occur  tiiat  fail  to  meet  all  present  criteria  for  discrimination 
from  explosions.  The  number  of  such  events  increases  rapidly  at 
lesser  magnitudes.  Such  events  evidently  are  not  randomly  distributed 
in  space  but  possibly  are  a  function  of  local  geological  or  geophysical 
conditions.  Rescarcii  which  might  ultimately  lead  to  understanding  of 
such  events  is  important  to  the  VELA  program. 

The  implementation  on  a  rou.'np  basis  of  a  new  generation  of  azimuthal 
and  spectral  discriminants  would  require  a  major  transformation  in 
present  data  acquisition  and  analysis  procedures. 


